AD  608194 


I 


NEDERLANDSCH  SCHEEPSBOUWKUNDIG  PROEFSTATION 

NETHERLANDS  SHIP  MODEL  BASIN 


DDC 

Dor?nn  nrar-^ 

NOV  9  1964 

EDTldi 

DDC-IRA  C 


WAGENINGEN 

NEDERLAND 


CLEARINGHOUSE  FOR  FEDERAL  SCIENTIFIC  AND  TECHNICAL  INFORMATION  CFSTI 

DOCUMENT  MANAGEMENT  BRANCH  410.11 


LIMITATIONS  IN  REPRODUCTION  QUALITY 


ACCESSION  ^ 


I.  WE  REGRET  THAT  LEGIBILITY  OF  THIS  DOCUMENT  IS  IN  PART 
UNSATISFACTORY.  REPRODUCTION  HAS  BEEN  MADE  FROM  BEST 
AVAILABLE  COPY. 


n  2.  A  PORTION  OF  THE  ORIGINAL  DOCUMENT  CONTAINS  FINE  DETAIL 
WHICH  MAY  MAKE  READING  OF  PHOTOCOPY  DIFFICULT. 


n  3.  THE  ORIGINAL  DOCUMENT  CONTAINS  COLOR.  BUT  DISTRIBUTION 
COPIES  ARE  AVAILABLE  IN  BLACK-AND-WHITE  REPRODUCTION 
ONLY. 


Q  4.  THE  INITIAL  DISTRIBUTION  COPIES  CONTAIN  COLOR  WHICH  WILL 
BE  SHOWN  IN  BLACK-AND-WHITE  WHEN  IT  IS  NECESSARY  TO 
REPRINT. 


□  5.  LIMITED  SUPPLY  ON  HAND:  WHEN  EXHAUSTED.  DOCUMENT  WILL 
BE  AVAILABLE  IN  MICROFICHE  ONLY. 


n  6.  LIMITED  SUPPLY  ON  HAND:  WHEN  EXHAUSTED  DOCUMENT  WILL 
NOT  BE  AVAILABLE. 


Q  7.  DOCUMENT  IS  AVAILABLE  IN  MICROFICHE  ONLY. 


□  8.  DOCUMENT  AVAILABLE  ON  LOAN  FROM  CFSTI  (  TT  DOCUMENTS  ONLY). 


M 


TSL-I07-I0  64 


PROCESSOR: 


j  nederlandsch  scheepsbouwkundig  j 

j  rROEFSTATlON  WAGENINGEN  1 

BLX.  1 

! 

»  ! 

L  1 

'  ! 

1 

NETHERLANDS  SHIP  MODEL  BASDi 


HAAGSTEEG  2  -  V7AGSNIHGEN  -  NETHERLANDS 


Final  Report 


Experimental  and  theoretical  research  on  the  hydrodynamic 
characteristics  of  large  hub  to  diameter  ratio  propellers. 


CONTRACT  NO.  N  623$8-.3463 
?4odification  no,  1 


PERIOD  COVERED  BY  THE  REPORT : 


From  1  October  1962  through  30  april  1964 


’’The  research  reported  in  this  document  has  been  made 
possible  through  the  support  and  sponsorship  of  the 
U.S.  Department  of  the  Navy,  Office  of  Naval  Research, 
through  its  U.S.  Navy  European  Research  Contracts  Program”. 


■  5 

j  NED£=l:ANS*i£l«  ^CH?EPSBO;-’WKU?;i,rr  I 

I  PnOEKTATlON  WaCoNINGEN  { 


BIX 

No. 

7. 

Contents: 

1 .  Summary 

2 .  Introduction 

3.  Experimental  Research 

3.1*  Structural  design  of  the  tandem  propeller  submarine 

3.2.  Measuring  technique 

3.3.  Reduction  and  presentation  of  the  test  data 

3.4.  Discussion  of  the  results 

4.  Theoretical  Research 

4.1,  Introduction 

4.2,  Calculation  of  the  flow  field 

4.3,  Calculation  of  the  frictionless  torqu>^, 
thrust  and  efficiency 

4.4,  Effect  of  drag  on  propulsion  characteristics 

4.5,  Presentation  and  discussion  of  the  computation 
results 

5.  Conclusions  and  suggestions  for  further  research 

References 
Appendix  A 
Appendix  B 

Figures  3."’  through  3.24 
Table  4,1 

Figures  4.1  through  4,6 


NEDERLANDSCH  SCHEEPSBOUWKUNOiG 

BLZ. 

PR0Ef=S‘jrAT10N  WACENINGEN 

NO. 

3. 

1  •  Summary, 

Experimental  results  are  presented  of  the  side  force  generating 
characteristics  of  propellers  with  a  large  hub  to  diameter 
ratio,  due  to  cyclic  pitch  variations.  The  effect  of  the  cyclic 
pitch  on  the  propeller  torque  and  thrust  are  examined  as  well. 

In  addition  a  theory  has  been  formulated  for  calculation  of  the 
properties  of  large  hub  to  diameter  ratio  propellers. 

This  theory  enables  to  optimize  the  design  of  the  propeller 
with  respect  to  efficiency. 

The  first  numerical  results  of  the  theoretical  analysis  are 
given. 
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Recently  a  new  propulsion  and  control  system  suitable  for 
underwater  vehicles  has  been  proposed  by  Cdr.  F,R.  Haselton 
of  the  U.S.N. 

The  system  utilizes  a  pair  of  large  hub  Lto  diameter  rc»tio 
propellers,  one  located  near  the  bow.  and  the  other  near  the 
stern  of  the  vehicle.  Of  particular  significance  in  addition 
to  the  position  of  the  propellers  and  the  way  in  which  these 
are  mounted  is  the  fact  that  the  pitch  of  the  blades  can  be 
varied  collectively  as  well  as  cyclically  and  that  the 
propellers  rotate  in  opposite  directions  in  order  to  produce 
any  desired  combination  of  forces  and  moments.  It  is  intended 
that  these  forces  will  be  used  for  both  the  propulsion  and  the 
maneuvering  of  the  buoyant  vehicle. 

To  establish  the  feasibility  of  this  concept  for  q,  full  scale 
submarine,  it  is  necessary  to  obtain  quantitative  knowledge  of 
the  propulsion  and  maneuvering  capabilities  of  the  device  and 
to  determine  the  mutual  effects  between  the  device  and  the 
vehicle  body. 

In  October  1961  a  feasibility  study  was  started  by  the 
N.S.M.B.  under  an  0. N.R.  research  contract  (No.  N. 625^8-31 02) 
on  propellers  with  large  hub  to  diameter  ratio  and  cyclic  pitch 
control.  The  purpose  of  this  research  was  to  investigate  the 
efficiency  of  such  a  device,  the  excitation  of  transverse  forces 
by  the  propeller  due  to  cyclic  pitch  changes  and  finally  the  power 
required  for  generating  a  certain  transverse  force. 

From  the  experimental  results  the  following  conclusions  could 
be  drawn: 

a.  the  maximum  propulsion  efficiency  is  of  the  same 
order  as  obtained  with  more  conventional  piropeller 
types  with  small  hubs, 

b.  the  transverse  forces  do  not  decrease  with 
increasing  velocity, 

c.  the  direction  of  the  transverse  forces  changes  by 

an  appreciable  aunount  when  the  velocity  is  increased. 
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The  much  promising  results  of  this  study  have  given  the 
justification  for  a  continuation  of  the  experiments  under  the 
O.N.R. -research  contract  No*  N. 62558-3463. 

In  October  1962  the  N.S.M.B.  started  with  the  design  and  the 
manufacture  of  a  submarine  model  with  two  (forward  and  aft)  large 
hub  to  diameter  ratio  propellers  with  programmed  blade  control. 

A  description  of  the  structural  design  of  the  tandem  propeller 
submarine  model  is  given  in  section  3,1*  The  forces  and  moments 
on  the  submarine  and  the  torque  on  the  propellers  were  increased 
in  the  way  as  described  in  section  3,2* 

In  order  to  yield  test  data  with  respect  to  the  hydrodynamic 
characteristics  of  the  tandem  propeller  submarine  the  following 
experiments  were  planned  in  the  deep  water  towing  tank  of  the 
N.S.M.B.: 

a.  Experiments  to  test  the  maneuvrability  of  the  tandem 
propeller  submarine  (T. P.S.)  under  low  speed-, 
cruising-  and  high  speed  conditions. 

At  low  speed  the  forward-  and  aft  propeller  sh.mld 
produce  opposite  and  almost  equal  thrusts.  Under 
cruising  condition  only  the  aft  propeller  produces  the 
thrust,  the  forward  propeller  is  stopped.  At  high  speed 
both  propellers  should  produce  a  positive  thrust, 

Vhus  with  this  test  program  a  more  detailed  determination 
of  the  generated  transverse  forces  could  be  obtained,  due 
to  the  cyclic  pitch  changes  of  the  propeller  blades, 

b.  Experiments  to  determine  the  efficiency  of  the  entire 

propulsion  device. 

c.  Experiments  to  determine  the  maximum  generated  thrust 
of  the  propellers  under  high  speed  condition. 

d.  Some  experiments  to  test  the  static  stability  of  the 
tandem  propeller  submarine  under  cruising-  and  high 
speed  condition. 

The  available  testing  time  for  the  execution  of  the  test  program 
was  very  short.  Hardly  any  t  ' sting  time  was  available  for  an 
extension  or  repeating  of  experiments  which  appeared  to  be  necessary 
after  the  first  measurements.  This  i.  'he  reason  why  several  parts 
of  the  test  program  were  cancelled. 
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A  description  of  the  reduction  of  the  test  data  is  given  in  section 
3,2*  The  analysed  test  data  are  given  in  section  3,3  and  the 
supplements  1  through  3.  Section  3,4  contains  a  critical  considera^tion 
of  the  analysed  data. 

The  N.S.M.B.  started  simultaneously  with  the  design  of  the  one 
propeller  model  (October  1 9^1  )  for  experiments  the  development  of 
a  quasi  stationary  theory  for  this  special  propeller  type. 

The  first  results  of  the  theoretical  analysis  were  given  in  a 
paper  presented  at  the  fourth  symposium  on  Naval  Hydrod3mamics 
(Officd  of  Naval  Research,  Washington  D.C.  August  1962)  [l].[^]. 

In  designing  the  model,  no  attempt  was  made  to  optimize  the  design 
of  the  propeller  systems  of  the  tested  submarine  models  because 
design  data  for  this  kind  of  propulsion  system  were  not  available. 

The  design  of  the  shrouds  was  based  on  the  experience  with  more 
conventional  shrouded  propellers  with  small  hubs^p]. 

Numerical  results  of  the  theoretical  analysis  are  now  available 
and  will  be  given  in  section  4,4.  Sections  4,2,  4,3,  4,4,  contain 
the  general  outline  of  the  theoretical  analysis. 

As  starting  point  for  an  extension  of  the  research  of  the 
hydrodynamic  characteristics  of  large  hub  to  diameter  ratio 
propellers,  the  results  of  the  theoretical  analysis  can  be  used. 

From  the  view  point  of  optiraiim  efficiency  for  example,  the  best 
shape  of  the  camberline  of  the  shroud  of  a  propeller  can  be 
calculated  as  function  of  the  remaining  design  variables. 

The  most  important  conclusions  and  the  suggestions  for  further 
research  are  given  in  section  3« 


NEDERLANDSCH  SCHEEPSBOUWKUNDiG 

BLZ. 

PROEFSTATION  WAGENINGEN 

NO. 

7 

3.  Experimental  Research « 


3.1.  Structural  design  of  the  tandem  propeller  submarine  model. 

3.2.  Measuring  technique. 

3.2.1.  Definitions  of  the  various  parameters 

3.2.2.  Measurements  of  forces  and  moments 

3.2.3.  Measurements  of  torques 

3.2.4-.  Reduction  of  the  test  data  to  force  and  moment 
parameters 

3.3.  Reduction  and  presentation  of  test  data. 


3.3.1.  Originally  planned  experiments 

3.3»2*  Discussion  of  the  measuring  technique  with  respect 
to  the  experimental  results 

3.3.3.  Presentation  of  the  test  data 


3.4-,  Discussion  of  the  results 


3.4.1. 

3.4.2. 

3.4.3. 


Resistance  tests 

Propulsion  tests.  Results  for  zero  cyclic  pitch. 
Propulsion  tests.  Results  for  the  transverse 
forces  due  to  cyclic  pitch. 


BLZ, 


The  original  specification  for  the  design  of  the  two  rotor 
model  is  given  in  Q-T,S*«.  no.  1. 

The  submarine  configuration  chosen  for  the  tandem  propeller 
submarine  test  program  is  shovra  in  profile  in  Figure  3.‘J* 

The  hull  of  the  model  is  a  body  of  revolution  representing 
the  shape  of  a  submarine  of  the  ”AISACORE**  class. 

The  most  important  charact;eristics  of  the  model  hull  are 
suraiaariaed  below  (see  aldo  Figure 

^  “  4,10  m 
-A.=  0.60  m 
4»”  1.78  m 
^2  “  1 , 32  m 

The  metacentric  hei^t  of  the  model  is  adjustable  including  zero 

height  by  means  of  a  vertical  displacement  of  the  ballast  weights. 

tp 

The  propellers  of  the  model  are  shrouded  large  hub  diameter  ratio 
propellers.  The  design  *f  the  removable  shrouds  is  based  on 
investigations  described  in  [ 2/  forward-  and  aft 

propeller  are  contrarotating.  The  submarine  model  with 
unshrouded  forward-  and  shrouded  aft  propeller  is  shown  in 
Figure  3.2, 

The  proportions  of  the  propeller  blades,  the  shroud,  the  blade 
profiles  and  the  location  of  the  shroud  in  regard  to  the 
propeller  blades  would  originally  be  similar  to  the  previous 
single  rotor  model  l^]  .  Some  modifications  were  considered 
to  be  necessary  however  in  order  to  be  able  to  adapt  the 
propeller  characteristics  to  the  thrust-speed  relation  ship 
of  the  full  scale  tandem  propeller  submarine,  (see  Q.T.S.R.  nr, 2) 
The  most  important  characteristics  of  the  propellers  are 
summarized  below: 


propeller: 


i)  (blade  span) 

-  0.045 

m 

C (blade  chord) 

«  0.0225 

Q 

/V (number  of  blades) 

-  12 

jD (blade  tip  diameter) 

«  0.49 

m 

d  (hub  diameter) 

“  0.40 

m 
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shroud: 

//  (shroud  length) 
a  (percentage  of  shroud  length 
in  front  of  propeller  disk) 
angle  of  inclination  with 
respect  to  streamline 
curvature 

profile  for  the  thickness 
profile  for  the  camberline 


*»  0.090  m 

=  60  % 


*=  4 

-  NASA  0007 
=  NASA  250 


In  order  to  accomplish  pitch  control  each  blade  is  mounted  on 
a  spindle.  The  mechanical  system  consists  of  a  wobble  plate 
with  the  propeller  blades  rotated  through  a  bevel  gear  by  a  crank 
vdiich  follows  the  wobble  plate.  This  wobble  plate  can  be  mo  'ed 
parallel  to  the  axial  direction  of  the  body  thus  effecting  a 
change  in  the  collective  propeller  pitch.  In  addition  this 
wobble  plate  can  rotate  around  two  mutually  perpendicular  axes 
situated  in  the  plane  normal  to  the  propeller  axis. 

This  results  in  a  cyclic  pitch  change.  The  position  of  the  wobbl 
plate  is  controlled  by  servo  motors. 


The  following  variations  in  propeller  pitch  could  be  realized: 
a,  the  collective  pitch  angle  is  adjustable  between 
+  10°  and  «>  10°,  with  respect  to  zero  blade  setting. 

The  zero  blade  setting  is  adjustable  by  turning  the 
blades  in  their  seats. 


br  the  cyclic  pitch  angle  amplitude  is  adjustable  in  two 
mutually  perpendicular  planes  through  the  longitudinal 
axis  of  the  submarine  from  -  25°  to  +  25°. 

The  cyclic  pitch  in  these  planes  can  be  varied 
independently. 

In  order  to  provide  sufficient  power  two  D.C.  engines  per 
propeller  were  installed.  The  engines  were  coupled  by  means 
of  gears  and  drive  the  propeller  via  a  torque  measuring  unit 
amd  a  flexible  coupling.  The  r.p,m,  of  the  propellers  were 
automatically  kept  constant  and  were  adjustable  between  zero 
and  250.  A  view  of  the  forward  propeller  arrangement  is 
given  in  Figure  3. 3. 
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For  the  experiments  \<hich  would  be  carried  out  in  the  deep 
water  towing  tank  of  the  N.S.M.B.  the  model  was  equipped  with 
a  six  component  balance.  The  forces  and  moments  on  the  submarine 
were  measured  by  means  of  strain  gauge  elements. 

The  torque  on  the  propellers  was  also  measured  by  means  of 
strain  gauge  elements. 

The  center  section  of  the  model  was  equipped  with  the  holes 
required  for  the  D.T.H.B.  planar  motion  mechanism  because 
also  experiments  would  be  carried  out  at  the  D.T.H.B. 

The  N.S.M.B. constructed  a  second  center  section  resulting 
in  a  total  model  length  of  5.4^9  m.  Front  and  aft  part  are 
the  same  for  both  models.  With  this  enlarged  model, 
experiments  will  be  carried  out  in  the  U.S.A.  vd.th  an  operator 
aboard  of  the  submarine  model. 

A  detailed  description  of  the  structure  of  the  model  is 
given  in  Q.T.S.R.  3  and  Q.T.S.R.  4. 

3.2,  Measuring  technique. 

3.2.1,  Definitions  of  the  various  parameters. 

The  submarine  geometry  is  defined  in  Figure  3 •4-. 

The  forces  and  moments  on  the  tandem  propeller 
submarine  in  the  balance  plane  are  written  in  the 
x-y-z  body  axis  system. 

The  x-y-z  body  axis  system  is  a  right  handed 
orthogonal  triad  with  its  origin  in  the  center  of  the 
balance  plane,  x  is  positive  in  the  astern  direction  ; 
y  is  positive  in  the  starboard  direction  and  2  is 
positive  in  the  upward  direction. 

Generalized  forces  and  moments  are  Fk  .  and 

^  Mz  along  and  around  x ,  y.  x. 

The  total  pitch  angle  for  each  blade  of  the  forward 
propeller  could  be  varied  according  to  the  following 
program: 


of  ^  ^  ^  (Yi  cos 
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The  pitch  angle  for  positive  o',  and  to  sero 

is  thus  maximuin  in  the  top  position  of  the  blade  and 
minimum  in  the  bottom  position.  The  pitch  angle  for  df 
equal  to  zero  and  positive  is  maximum  for  the  blade 
to  starboard  and  minimum  for  the  blade  to  port. 

The  pitch  angle  y3  for  each  blade  of  the  aft  propeller 
could  be  varied  according  to  the  program: 


/■A 


/  Cos  ^ 


The  torques  on  the  forward-  and  the  aft  propeller 
were  defined  by  respectively  and  . 

The  measured  forces  and  moments  were  made  non-dimensional 
with  respectively  and  •  The  non-dimensional 

force-  and  moment  parameters  obtained  from  the 
resistance  tests  are  denoted  by: 


HfK.J,  /f/A/zJ 


The  force-  and  moment  parameters  obtained  from  the 
propulsion  tests  are  denoted  by: 


The  parameters  yO  ,  n  and  D  were  defined  by: 

/7  =  number  of  revolution  per  second  (1/sec.) 
I>  =  diameter  of  the  propeller  blade  tips  (m) 
specific  density  of  water  (kg.m“^) 

The  forces  and  moments  have  been  measured  as  a 
function  of  the  advance  ratio -A. 


yV  =  iL 

OlJ) 


U  =  speed  of  the  submarine  (ra/sec. ) 


Tlie  efficiency  of  the  propulsion  device  is  defined 
by: 


A 


/Mi 


(/0t2 


2  Af  Qitt  2 
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Kx  is  corrected  for  the  resistance  of  the  body  without 
propeller  blades  and  shroud. 

The  angle  of  attack  of  the  T.P,S.  Is  defined  by  f- 

3.2.2,  Measurements  of  the  forces  and  moments. 

The  model  was  equi^d  with  a  six  component  balance 
placed  in  the  center  section  of  the  model  (sfte 
Figure  3»5)«  The  forces  and  moments  on  the  submarine 
were  measured  with  respect  to  the  balance  shaft  by 
means  of  strain  gauge  elements.  For  the  deflections  of 
the  strain  gauge  meters  corresponding  to  the  six 
elements,  the  parameters 
and  were  introduced. 

The  following  equations  give  the  linear  relations 
between  Uj  Uj.  -  ~  and  the  forces  and  moments 

respectively: 

Uj^  =.  *  ^tx'^y  -*•  ■**  ^ 

^  <*et,  ^ 

^6=  ^CiTy.  ^  *"  +  aCr  My+  «acC  Wx  • 

The  model  has  been  placed  under  water  in  a  cage  to 
calibrate  the  balance.  The  calibration  equipment 
enabled  loading^of  the  model  by  a  pure  force,  or  a 

pure  Fy  force  and  so  on.  The  results  of  the  calibrations 
have  been  given  in  Q.T.S.R.  no.  4,  The  coefficients 
<^///  have  been  calculated  according 

to  the  calibration  results. 

3.2.3.  Measurements  of  the  torques. 

The  engines  of  the  submarine  drove  the  propellers  via 
torque  measuring  units.  The  propeller  torque  has  been 
measured  by  means  of  strain  gauge  elements. 
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For  the  deflection  of  the  strain  gauge  meters 
corresponding  to  the  torque  of  the  forward-; 
respectively  the  aft  propeller  the  parameters  Uy  and 
were  introduced. 

The  following  equations  give  the  relations  between 
^7  and  Hf  ;  and  Hi 

My  ^  hy  ^  ji)j  Uy  ^  Uy 

HyzCy  ^  c^U^  i^U/  / u/ 

The  configuration  of  the  calibration  equipment  is  given 
in  detail  in  Q.T.S.R.  no.  4-,  That  report  contains  also 
the  results  of  the  calibrations  of  the  torque  measuring 
elements.  The  coefficients  by 

have  been  calculated  with  the  aid  of  the  calibration 
results. 

The  calibrations  pointed  out  that  the  friction  torque 
generated  by  0-  seals,  gearings  and  bearings  is  not 
sufficient  constant.  Consequently  the  accuracy  of  the 
measurements  of  the  propeller  torque  is  rather  poor. 

3»2,4,  Reduction  of  the  test  data  to  force  and  moment 
parameters. 

The  control  panel  of  the  tandem  propeller  submarine 
made  it  possible  to  adjust  four  combinations  of 
collective-  and  cyclic  pitch  angles  and  numbers  of 
revolutions  of  the  propellers.  With  a  selection  switch 
one  of  the  four  combinations  could  be  given  to  the 
propellers  of  the  submarine.  Thus  during  one  run  of 
the  submarine  through  the  towing  tank,  four  several 
submarine  configurations  could  be  tested. 

The  recording  of  the  measurements  has  been  performed 
by  taking  photographs  of  a  panel  with  il>  voltmeters 
and  with  the  aid  of  observation  blades  (see  Q.T.S.R. 
no.  4). 
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The  meter  deflections  on  the  panel  sre  indications 
for: 

a.  the  forces  and  moments  on  the  submarine 

- 

b.  the  torque  on  forward-  and  aft  propeller 

fu,.  Uj  /f,J 

c.  the  collective-  and  cyclic  pitch  angles  of  the 
propellers  (dg  ;  q; ,  fl-;  . 

d*  the  numbers  of  revolutions  per  second  of  the 
forward-  and  aft  propeller 

At  the  same  time,  the  meter  panel  shows  the  test  number. 

The  amplification  factors  of  the  eight  strain  gauge 
meters,  the  speed  lU.j  and  the  angle  of  attack  W  of 
the  submarine  during  the  experiments  have  been  recorded 
with  the  aid  of  observation  blades. 

The  data  have  been  read  off  from  the  photographs  and 
further  be  worked  out  by  the  computer  of  the 
Use  could  be  made  of  two  numerical  programs. 

Program  1  served  to  reduce  the  data  of  the  resistance 
tests  ;  program  2  those  of  the  propulsion  tests, 
corrected  for  the  forces  and  moments  on  the  submarine 
body  without  propellers  and  shrouds. 

The  detailed  numerical  programs  for  the  reduction  of 
the  test  data  from  the  deflections, of  the  strain  gauge 
meters  and  the  given  numbers  of 

revolutions  of  the  propellers  and  and  the 

speed  of  the  submarine  U  have  been  given  in  supplement  1 
of  Q.T.S.R.  no.  3. 

3.3.  Presentation  of  the  test  data. 

3.3.1.  Originally  planned  experiments. 

As  already  remarked  in  the  introduction,  the  experiments 
were  carried  out  in  order  to  yield  data  with  respect 
to  the  hydrodynamic  characteristics  of  the  tandem 
propeller  submarine.  Experiments  were  originally  planned 
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A.  Low  speed  condition* 

At  low  speed  the  forward-  and  aft  propeller  should 
produce  opposite  and  almost  equal  thrust.  Most  time 
it  is  desired  to  compensate  the  aft  propeller  torque 
by  the  torque  of  the  forward  propeller. 

Experiipents  would  be  carried  out  to  test  the 
raaneuvrability  of  the  submarine.  Also  the  hydrodynamic 
forces  generated  by  the  propellers  should  be  determined 
under  cross-flow  condition  or  with  running  astern. 
Special  attention  should  be  paid  to  the  value  of  the 

collective  pitch  at  which  a  maximum  volume  of  flow  is 

* 

generated  through  the  propeller  disk.  Consequently, 
maximum  transverse  forces  are  to  be  expected  in  that 
case  due  to  cyclic  propeller  pitch. 


B.  Cruising  condition. 


Under  cruising  condition  only  the  aft  propeller 
generates  thrust,  the  forv/ara  propeller  is  stopped. 
Experiments  were  planned  in  order  to  yield  data  with 
respect  to: 

1 .  the  efficiency  of  the  propulsion  device 

2.  the  generated  transverse,  forces  due  to 
cyclic  pitch  of  the  aft  propeller, 

3.  the  power  required  for  generating  the 
transverse  force. 

4.  the  forces  generated  by  the  stopped 
forward  propeller. 


It  is  desired  to  compensate  the  aft  propeller  torque 
by  the  forward  propeller  torque.  Under  cruising 
condition  the  forward  propeller  should  have  just 
sufficient  collective  pitch  with  respect  to  the 
feathered  position  in  order  to  compensate  for  the 
torque  of  the  aft  propeller.  Therefore  item  4  was 
added  to  the  test  program. 
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C*  High  speed  condition. 

At  high  speed  both  propellers  should  produce  a 
positive  thrust.  It  is  desired  to  compensate  the  aft 
propeller  torque  by  the  forward  propeller  torque. 

Special  attention  would  be  paid  to  the  collective  pitch 
of  the  propellers  at  'which  the  thrust  is  maximum. 

Also  the  generated  forces  due  to  cyclic  pitch  would  be 
determined. 

Further  experiments  would  be  carried  out  to  test  the 
static  stability  of  the  tandem  propeller  submarine. 

Thus  the  forces  and  moments  on  submarine  would  be 
measured  with  the  submarine  inclined  under  a  small 
angle  of  attack.  These  experiments  were  planned  for 
cruising  condition  as  well  as  for  high  speed  condition. 

The  design  of  the  propeller  of  the  tandem  propeller 
submarine  was  based  on  the  previous  at  the  N.S.M.B. 
tested  one  propeller  model  [l]. 

Consequently  the  range  of  collective  pitch  angles  for 
the  several  speed  conditions  of  the  T.P.S.  were  chosen 
according  to  the  experimental  results  obtained  with  the 
one  rotor  model. 

V/ith  a  view  to  application  in  practice  most  experiments 
were  planned  with  unshrouded  forward  and  shrouded  aft 
propeller.  Also  experiments  were  planned  to  examine  the 
effect  of  the  shrouds.  Some  tests  have  been  carried  out 
with  forward-  and  aft  propeller  unshrouded  and  with 
forward-  and  aft  propeller  shrouded. 

The  experiments  were  performed  in  the  deep  water  towing 
tank  of  the  N.S.M.B.  The  tests  have  been  carried  out  at 
speeds  of  the  T.P.S.  between  zero  and  3*5  m/sec.,  a 
centerline  submergence  of  1.0  m  and  numbers  of 
revolutions  per  minute  of  the  propellers  between  zero 
and  250. 
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3.3.2.  Discussion  of  the  measuring  technique  with  respect 
to  the  obtained  results. 

From  the  obtained  experimental  results,  taking  into 
account  the  measuring  technique,  the  following  con¬ 
clusions  can  be  drawn: 

1 .  the  original  intention  was  to  perform  the  experiments 
at  infinite  depth.  The  experiments  pointed  out  that 
the  submergence  depth  of  the  tandem  propeller 
submarine  was  not  large  enough  to  avoid  the  effect 

of  the  free  surface. 

2.  the  accuracy  of  the  torque  measurements  was 
rather  poor. 

3.  the  period  available  for  the  execution  of  the  test 
program  was  very  short.  The  accuracy  of  the 
measurements  has  been  influenced  by  this  fact. 

At  low  speed  and  especially  under  cross-flow  condition 
it  appeared  from  visual  observations  of  the  water 
surface  that  the  flow  around  the  tandem  propeller  sub¬ 
marine  was  very  irregular.  The  irregularity  of  the  flow 
was  also  demonstrated  by  large  and  slow  variations  of 
the  forces  and  moments  acting  on  the  T.P.S.  observed 
by  the  deflections  of  the  strain  gauge  meters, 

V/ith  the  method  of  recording  used  the  observation 
period  of  each  measurement  was  too  short  to  obtain 
accurate  average  values  of  the  deflections  of  the 
strain  meters. 

The  available  testing  time  made  it  impossible  to 
increase  the  submergence  depth  of  the  submarine  or  to 
change  the  recording  method.  Thus  sufficient  accurate 
measurements  of  the  hydrodynamic  characteristics  of  the 
submarine  at  low  speed  condition  could  not  be  obtained. 
This  part  of  the  test  program  was  dropped. 
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Under  cruising  condition  or  at  high  speed,  a  wave 
pattern  was  generated  at  the  water  surface  by  the 
streamlined  fairing  around  the  balance  shaft  and 
probably  also  the  submarine  body.  The  disturbance 
of  the  water  surface  resulted  in  an  unde&ired  force 
[Fzj  and  moment  (My)  on  the  submarine.  The  undesired 
force  and  moment  increased  with  increasing  speed  of 
the  submarine. 

The  results  of  the  propulsion  tests  were  corrected  by 
the  forces  and  moments  acting  on  the  submarine  body 
without  propeller  blades  and  shrouds.  However,  the  flow 
had  an  incidence  angle  with  respect  to  the  propeller 
axis,  resulting  in  an  effective  cyclic  pitch  of  the 
propeller  due  to  the  free  surface  effect.  The  results 
of  the  propulsion  tests  were  corrected  for  the 
undesired  force  and  moment  generated  by  the  effective 
cyclic  propeller  pitch. 

In  consequence  with  the  above  mentioned  free  surface 
effects  and  the  very  short  period  in  which  the  ejtperiments 
were  to  be  carried  out,  we  judged  the  accuracy  of  the 
measurements  too  low  to  examine  small  effects Tsuch  as 
the  effect  of  the  forward  acting  propeller  on  the  trans¬ 
verse  force  generated  by  the  aft  propeller  and  so  on. 

We  decided  to  present  the  experimental  results  in  the 
following  way; 

1 .  Resistance  tests 

2.  Propulsion  tests 

a.  hydrodynamic  characteristics  of  the 
shrouded  aft  propeller 

b.  idem  of  the  unshrouded  aft  propeller 

c.  idem  of  the  shrouded  forward  propeller 

d.  idem  of  the  unshrouded  forward  propeller. 

V/ith  the  aid  of  the  above  mentioned  experimental  results, 
the  several  speed  conditions  of  the  submarine  can  be 
composed  by  means  of  superposition.  The  detailed  test 
data  are  presented  in  the  following  section. 


SLZ. 
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3.3.3.  Presentation  of  the  test  data. 

1 .  Resistance  teats. 

The  forces  and  moments  acting  on  the  submarine  body 
vrLthout  propeller  blades  have  been  measured  during 
the  resistance  tests.  The  force-  and  moment 
coefficients  [  ^(k;,)  ;  k’(Ky) 

and  MfHx)]  (see  also  Figure  3.4>)  have  been  plotted 
as  a  function  of  the  advance  ratio  A.^  ,  [AoSiJL. 
with  the  angle  of  attack  of  the  tandem  propeller 
submarine  ^  as  parameter.  The  force-  and  moment 
coefficients  and  the  advance  ratio  have  been 
calculated  with  a  fictive  number  of  revolutions  per 
minute  equal  to  200. 

The  results  are  given  in  the  following  diagrams: 

Resistance  of  the  submarine  body  without  forward- 
and  with  aft  shroud: 


Fig.  1.1 
Fig.  1,2 
Fig.  1.5 
Fig.  1.4 
Fig,  1.5 


k^^C/as  a  function  of  0°,2°  and  4® 

Kiky)  idem 

Kikx)  idem 

H(My  idem 

idem 


Resistance  of  the  submar.ine  body  with  forward  and 
aft  shroud. 

Fig.  2.1  a  function  of  for^*=  0°,2°  and  4° 

Fig,  2.2  idem 

Fig.  2.3  k[kxj  idem 

Fig,  2.4  MAv  idem 

Fig.  2.5  HA'  idem 


Resistance  of  the  submarine  boiv  without  both 
forward-  and  aft  shroud. 


Fig.  3.1 
Fig.  3.2 
Fig.  3.3 
Fig.  ^.4 
Fig.  ^5 


a  function  of:  A ^  for,<^«  0°,2°  and  4° 
idem 
idem 
idem 

H  f/x  i  A  _ _ 
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Tne  forces  and  moments  on  the  submarine  v?tth  the 
body  inclined  under  a  large  angle  were  only  measured 
at  low  speed.  The  effects  of  the  shrouds  on  the 
resistance  forces  appeared  to  be  small.  The  results 
are  given  in  the  following  diagrams: 

Fig.  4.1  a  function  of  for  45°;  90° 

135°;  1o0° 

Fig.  4.2  W/  idem 

Fig,  4,3  idem 


The  results  of  the  resistance  tests  are  given  in 
supplement  1 . 


Propulsion  testa. 


The  hydrodynamic  characteristics  of  the  shrouded  aft 
propeller  are  given  in  supplement  2.  The  force-  and 
moment  coefficients  are  corrected  for  the  forces  and 
moments  on  the  submarine  body  without  shroud. 

The  experimental  results  are  given  in  the  following 
diagrams: 


Thrust  and  torque  coefficients  and  as  a 

function  of  the  advance  ratio  A.  ,  for  collective 

pitch  angles  -  24°  ;  28°  ;  32°  ;  36°  ;  40°. 

Fig,  1.1.1. 

Moment  coefficient  and  efficiency  ^  as  a 

function  of  the  advance  ratio  A  for  collective 

pitch  angles  =  24°  ;  28°  ;  32°  ;  36°  and  40°. 

Fig,  1.2,1. 

Thrust  and  torque  coefficients  and  Qi  as  a 

function  of  the  advance  ratio  A  for  some  values  of 
the  collective  pitch  and  the  values 
*=  0°  ;  4°  ;  8°  ;  1 6°  and  24°  of  the  cyclic  pitch 


=*  24° 
«  28° 
“  32° 
36° 
«  40° 


Fig,  1.3.1. 
Fig.  1.3.2. 
Fig.  1.3.3. 
Fig.  1.3.4. 
Fig.  1.3.5. 


Moment  coefficient  Mx  as  a  function  of  the 
advance  ratio  A  for  a  collective  pitch  of 

/5o*=  24^,  28°,  32°,  36°,  40°  and  a  cyclic  pitch 

of  ^  Pjj  »  //,/  -  8°, 


16°,  24°. 


Figure  1.4,1, 


Thrust  and  torque  coefficients  Kt  and  as  a 
function  of  the  advance  ratio  A  for  some  values 
of  the  collective  pitch  /3 ^  and  for  an  angle  of 

•  ^  ^  A 


attack  of  the  submarine 

Q  -i  /^0 


A=  32° 

A‘  36° 

A“  4-0° 


2°  and  4°. 


Figure  1 ,5.1 • 
Figure  1.5.2. 
Figure  1.5.3* 

and  as  a 


Transverse  force  coefficients  and  as  a 
function  of  the  advance  ratio  A  for  some  values 
of  the  collective  pitch  and  for  the  cyclic 
pitch  angles  jbj  and  (i^  equal  to  0°  ;  +  4°  ; 


16°  and  +  24°. 

/*»  24° 

Figure 

1.6.1 

28° 

Figure 

1.6.2 

32° 

Figure 

1.6.3 

A  =  ,36° 

Figure 

1.6.4 

40° 

Figure 

1.6.5 

Moment  coefficients  and  as  a  function  of  the 
advance  ratio  A  for  some  values  of  the  collective 
pitch  and  for  the  cyclic  pitch  angles  and 
A  equal  to  0°  ;  +  4°  ;  +  8°  ;  +  1 6°  ;  ±  24°. 

A"  24°  Figure  1,7.1. 


A  -  32° 
38° 


Figure  1.7.2. 
Figure  1.7.3. 
Figure  1.7.4. 
Figure  1.7.5. 


NO. 


BLZ. 


NEDERLANDSCH  SCHEEPSBOUWKUNDIG 
PROEFSTATION  WAGENINGEN 


The  force  coefficients  and  the  moment 

coefficients  My  ;  /4  respectively  are  also  plotted 
in  vectorial  form  for  some  values  of  the  collective 
pitch  ,  for  a  cyclic  pitch  /®/  =  0°  ;  +  4°  ;  ±  8° 
+  1 6°  ;  +  24°  and  for  the  advance  ratio  -A.  equal 
to  0  ;  0.25  ;  0.50  ;  0.75  ;  1.00  ;  1.25  ;  1.50  ;  1.75. 


■=  24° 

Figure 

1.8.1 

A-  28° 

Figure 

1.8.2 

A"  32° 

Figure 

1.8.3 

A=  36° 

Figure 

1.8.4 

> 

It 

O 

O 

Figure 

1.8.5 

B.  Unshrouded  aft  propeller. 

The  hydrodynamic  characteristics  of  the  unshrouded  aft 
propeller  are  given  in  supplement  5*  The  force-  and 
moment  coefficients  are  correcCeS  forces  and  moments 
on  the  submarine  body  without  shrouds.  The  experimental 
results  are  given  in  the  following  diagrams: 

and  as  a  function  of  A  for  equal  to 

24°  ;  28°  ;  32°  ;  36°  and  40°. 

Figure  2.1.1. 

Cly  and  as  a  function  of  A  for  equal  to 

24°  ;  28°  ;  32°  ;  36°  and  40°. 

Figure  2.2.1. 

and  <?2  as  a  function  of  A  for  some  values 
of  ,  and  for  some  values  of  l^/i  *  f/^s/ 

28°;40°/f,2«  0°  ;  8°  Fig.  2.3.1. 

32°  0°  ;  4°  ;  8°  ;  16°  ;  24°  Fig.  2.3.2. 

36°  0°  ;  4°  ;  8°  ;  16°  ;  24°  Fig.  2.3.3. 

(j?j^as  a  function  of  A  for  some  values  of 
and  for  some  values  of 

/3.«  28°;  40°  0°  ;  8° 

32°  0°  ;  4°  ;  8°  ;  l6°  ;  24° 

A*  36°  Ai”  0°  ;  J  *»  24° 


Fig.  2.4.1. 
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Kg  and  as  a  function  of  A  for  equal 

to  24°  ;  28°  ;  32°  ;  36°  ;  40°  and  for  /i  ^qual  to 
0°  ;  2°  and  4°. 

Figure  2,^,1, 

and  as  a  function  of  A  for  some  values 
of  ^nd  for  some  values  of  and 

/3,=  28°  0°  ;  +  8°  0°  ;  +  8°  Fig.  2.6.1. 

32°  0°  ;  ±  4°  ;  +  8°  ;  t  16°  ;  ±  24° 

0°  ;  +  4°  ;  +  8°  ;  +  16°  ;  ±  24? 

Fig,  2.6.2. 


1^0  36°  /y  “  0°  ;  +  4°  ;  i  8°  ;  +  1 6°  ;  i  24° 

0°  ;  ±  4°  ;  ±  8°  ;  +  16°  ;  ±  24° 

Fig.  2.6,3. 


40°  0°  ;  +  8°  0°  +  8° 


Fig.  2.6.4, 


and  as  a  function  of  A  for  some  values  of 
and  for  some  values  of  and  A 

/3,«  28°  0°  ;  +  8°  0°  ;±  Fig.  2.7.1. 

32°  A-  0°  ;  1  4°  ;  8°  ;  +  16°  ;  +  24° 

A“  id  ^“iS.  2.7.2. 

jie,  *=  36°  A  “  id 

A“  id  Fig.  2.7.3. 

40°  A«=  0°  ;  +  8°  //«=  0°  ;  +  8°  Fig.  2.7.4. 

A;  /<'x  and  ;  ^3^  respectively  in  vectorial 
form  for  some  values  of  A  >  some  values  of A 


and 

for  ^ 

equal  to  0  ; 

0.25 

;  0.50 

;  0.75 

;  1.00  ; 

1.23 

;  1.50  ;  1.75. 

A 

-  28° 

A"  0°  ; 

+  8° 

Fig.2.8.1 

A 

«  32° 

A”  0°  ; 

+4°  ; 

t8° 

!  ±16° 

\  ±24° 

Fig. 2. 8. 2 

A 

-  36° 

+4°  ; 

+8° 

;  +16° 

;  124° 

Fig.2i8.3 

A 

“  40° 

yj»  0°  ; 

t  8° 

Fig.2.8.4 
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C.  Shrouded  forward  propeller* 

The  hydrodynamic  characteristics  of  the  uhrouded 
forward  propeller  are  given  in  supplement  4-*  The 
force-  and  moment  coefficients  are  corrected  for  the 
forces  and  moments  on  the  submarine  body  without 
shrouds.  The  experimental  results  are  given  in 
the  following  diagrams: 

k'x  and  as  a  function  of  A  for  equal  to 

24°,  28°,  J2°,  and  40°, 

Figure  3*  •  1 . 

Qx  and  y  as  a  function  of  A  for  equal  to 

24°,  28°,  32°,  36°  and  40°. 

Figure  3-2.1. 

and  Qy  as  a  function  of  A  for  some  values 
of  odo  ,  and  for  o'/, 

=  0°  ;  +  4-°  ;  +  8°  ;  +  ;  +  24°. 

24°  Figure 


28° 
c4=  32° 
36° 
40° 


Figure  3. 
Figure  3-3.2. 
Figure  3-3-3- 
Figure  3-3-^- 
Figure  3-3.5. 


Qx  ^3  a  function  of  A  for  equal  to  24°  ;  28°  ; 
32°  ;  36°  and  40°  and  for 

«  0°  ;  ±  4°  ;  +  8°  ;  +  16°  ;  +  24°.  Figure  3-4.1. 

k^  and  ^  as  a  function  of  A  for  some  values  of 
a;  and  for  ^  Mz/  ”  0°  ;  ±  4°  ; 

+  8°  ;  +  16°  ;  +  24°.  * 

^•=  24°  Figure  3-6.1. 

28°  Figure  3-6.2. 

32°  Figure  3-6,3- 

36°  Figure  3. 6 .4, 

^0°  Figure  3.6.5. 


NO. 
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(?yand  as  a  function  of  A 
0^  and  for  =  0®  ;  + 

24° 

28° 

32° 

36° 

40° 


for  some  values  of 
;  +  8°  ;  +  16°  ;  +  24°. 
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D.  Unshrouded  forward  propeller. 


The  hydrodynamic  characteristics  of  the  unshrouded 
forward  propeller  are  given  in  supplement  5.  The 
force-  and  moment  coefficients  have  been  corrected 
for  the  forces  and  moments  on  the  submarine  body 
without  shrouds.  The  experimental  results  are  given 
in  the  following  diagrams: 
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3.4-,  Discussion  of  the  results* 

Resistance  tests. 

The  value  of  the  drag  coefficient  as  a  function  of 
the  Reynolds  number  and  the  thickness  ratio  can  be 
obtained  from  the  experimental  results  on  streamlined 
bodies  as  collected  by  Hoerner  W  {see  section  6c). 
The  flow  around  the  submarine  body  is  fully  turbulent 
because  the  value  of  the  Reynolds  number  based  on  the 
model  length  is  beyond  10^  and  the  surface 
imperfections  of  the  forward  rotor  serves  as  a 
turbulence  promotor.  The  drag  in  axi-symmetric  conditior 
is  a  function  of  the  thickness  ratio.  The  total  drag 
coefficient  basved  on  the  wetted  area  of  the  submarine 
body  is: 

c  J.w.r  -  W  [  '  +  ■•'  *>'’(  r)^J 

where  is  the  turbulent  mean  skin  friction 
coefficient  of  a  smooth  wall.C/^^^is  plotted  as  a 
function  of  the  Re)molds  number  in  figure  3*6. 
according  to  the  experimental  results  collected  by 
Hoerner  [5.J. 

The  drag  of  the  submarine  model  can  be  calculated 
with  the  aid  of  the  following  relation: 

ID  ■=  i  9  A  c 

£  ^  «I.WCT 

The  calculated  drag  coefficient  and  the  measured 
drag  coefficient  of  the  submarine  body  without 
shrouds,  with  shrouds  fitted  and  without  forward  shroua 
and  aft  shroud  fitted  are  plotted  as  a  function  of 
the  Froude  number  in  Figure  3.7. 
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The  measured  drag  coefficient  based  on  the  wetted 
area  of  the  submarine  and  the  Froude  number  are 
defined  by: 


K 

[/> 


a 


The  shape  of  the  drag  curves  agree  with  each  other 
up  to  a  value  of  the  Froude  number  of  0*2«  As  could 
be  expected  from  the  surface  imperfections  of  the 
submarine  model,  the  measured  drag  is  somewhat 
higher  than  the  calculated  drag. 

The  drag  of  the  submarine  increases  with  a 
considerable  amount  if  compared  with  the  calculated 
drag  for  values  of  the  Froude  number  beyond  0,2, 
Visual  observations  pointed  out  that  a  wave  pattern 
has  been  generated  at  the  water  surface  by  the 
streamlined  fairing  around  the  balance  shaft  and 
probably  also  by  the  submarine  body*  The  disturbance 
of  the  water  surface  resulted  in  a  modification 
of  the  pressure  along  the  model  giving  a  larger  drag. 
The  disturbance  of  the  water  surface  resulted  also 
in  an  additional  side  force  (Ftj  and  moment 
on  the  submarine. 

The  force  and  the  moment  (MyJ  are  made  non- 

dimensional  in  the  following  way: 

c-  - 


^  /fy 


and  are  plotted  as  a  function  of  the 
Froude  number  in  Figure  3.8.  The  force 
increases  with  increasing  speed  of  the  submarine. 
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Experiments  have  also  been  carried  out  with  the 
submarine  at  a  drift  angle  { =  2  or  4  degrees ) . 

These  experiments  revealed  that  the  drag  of  the  model 
in  longitudinal  direction  has  not  been  changed  with 
a  perceptible  amount  over  the  range  of  drift  angles 
tested.  The  effect  of  the  drift  angle  on  the  side  force 

-  Fy  and  the  moment  is  given  in  the  Figures  3*9 

and  3*1 0«  and  are  made  non-dimensional 

in  the  following  way: 

/; 

Cf^  and  appeared  to  be  proportional  with  the 

drift  angle  ^  for  values  of  p  between  0  and  4 
degree?. 

At  low  speed  experiments  have  been  carried  out  to 
determine  the  effect  of  large  angles  of  attack  on  the 
forces  and  moments  on  the  model.  The  measured  force- 
and  moment  coefficients  are  plotted  as  a  function 
of  the  drift  angle  f  and  with  the  Froude  number  as 
parameter  in  Figure  3,11.  The  presence  of  the  shrouds 
did  nob  have  an  appreciable  effect  on  the  forces 
and  moments  at  low  speeds  of  the  submarine, 

3.4.2,  Propulsion  tests.  Results  for  zero  cyclic  pitch. 

The  maximum  propulsion  efficiency  of  the  forward¬ 
er  aft  propeller  attained  'vith  a  shroud  respectively 
without  a  shroud,  are  around  50  -  35  at  a  value 
of  JV  of  around  1,3.  These  maximum  efficiences  are 
lower  as  found  for  the  large  hub  to  diameter  ratio 
propeller  of  the  previous  tested  single  rotor  model. 

The  difference  can  be  explained  by  the  following 


reasons: 
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a,  the  thrust  of  a  propeller  is  obtained  from  the 
measured  total  axial  force  on  the  model  corrected 
for  the  resistance  of  the  submarine  body  without 
propeller  blades  and  shrouds.  In  consequence,  the 
obtained  thrust  includes  interaction  effects 
between  propeller  and  submarine  body.  {t.-rTist 
deduction  and  wake  fraction). 

The  interaction  effects  will  be  different  for  the 
fo**ward-  and  the  aft  propeller  of  the  tandem  pro¬ 
peller  submarine  and  the  single  rotor  model. 

In  addition  the  thrust  of  the  propeller  of  the 
single  rotor  model  has  been  obtained  from 
measurements  of  the  axial  force  on  the  forward 
part  of  the  model  only. 

b,  in  order  to  be  able  to  adapt  the  propeller 
characteristics  of  the  tandem  propeller  submarine 
to  the  thrust-speed  relationship  of  the  full  scale 
T.P.S. ,  some  modifications  of  the  geometrical 
configuration  of  the  propellers  appeared  to  be 
necessary  with  respect  to  the  propeller  geometry 
of  the  single  rotor  model.  An  important  design 
parameter  for  large  hub  to  diameter  ratio 
propellers  will  be  the  ratio  between  propeller 
and  hub  diameter.  These  ratios  are  for  the 
propellers  of  the  T, P.S.  and  the  single  rotor  model 
around  11/9  and  4-/3  respectively.  It  may  be 
expected  that  the  efficiency  at  lower  values  of 
this  ratio  will  decrease. 

c,  the  optimum  shape  of  the  shroud  is  a  function  of 
the  design  variables  (hub  to  diameter  ratio, 
propeller  loading  etc, )  and  also  depends  on  the 
shape  of  the  body  in  combination  with  which  the 
propeller  will  be  tested.  The  shroud  shapes  of  the 
T.P.S.  propellers  and  the  propeller  of  the  single 
rotor  model  were  corrected  by  an  approximate 
procedure  for  the  expected  streamline-curvature 
and  inclination  as  induced  by  the  bodies. 
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From  the  results  and  from  the  fact  that  the  wall 
inclinations  at  the  propeller  location  are 
larger  for  the  T.P.S.  propeller  it  may  be  speculated 
that  the  shroud  shape  determined  in  this  way  is  less 
favourable  for  the  T.P.S.  than  for  the  single  rotor 
model.  A  more  refined  method  for  the  determination 
of  the  optimum  shroud  shape  would  therefore 
probably  result  in  efficiencies  for  the  T.P.S. 
propeller  that  are  more  close  to  those  obtained 
for  the  single  rotor  model. 

The  thrust-  and  torque  coefficients  of  the  forward- 
and  aft  propeller  of  the  T.P.S.,  with  respectively 
without  shroud  are  given  as  a  function  of  the 
advance  ratio  A  in  the  Figures  3*  "5  2  and  3*  13* 

With  the  aid  of  these  diagrams  the  following 
conclusions  can  be  drawn: 

1 .  the  aft  propeller  produces  in  comparison  with  the 
forward  propeller  a  larger  thrust  for  high  values 
of  wA  .  This  phenomenon  can  be  explained  by  the 
wake  effect. 

2.  shrouded  propellers  produce  in  comparison  with 
unshrouded  propellers  a  larger  thrust  for  low 
values  ofvl^ 

3.  the  efficiency  of  the  unshrouded  forward  propeller 
in  comparison  with  the  shrouded  forward  propeller 
appeared  to  be  larger. 

4.  already  for  low  values  of  the  collective  pitch 
probably  flow  separation  occurs  in  the  case  of  the 
unshrouded  aft  propeller,  resulting  in  a  decrease 
of  the  thrust.  This  fact  makes  a  comparison 
between  the  efficiencies  of  the  aft  propeller  with- 
and  without  shroud  rather  difficult. 

The  large  change  in  characteristics  obtained  by 
fitting  a  shroud  at  low  A  for  the  aft  propeller 
shows  that  the  influence  of  the  shape  of  the  shroud 
may  be  very  important. 
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After  the  first  test  series  vfith  the  single  rotor  model 
and  the  T.P.S.,  it  has  .>een  concluded  that  it  might  be 
very  difficult  to  determine  ad  hoc  the  shroud  shapes 
for  large  hub  to  diameter  ratio  propellers.  It  must 
be  possible  to  increase  the  efficiency  of  the  large  hub 
to  diameter  ratio  propellers  of  the  T.P.S.  as  shown 
by  the  previous  tests  on  the  single  rotor  model.  As 
starting  point  for  further  research,  it  seems  advisible 
to  optimize  the  i^ape  of  the  shroud  vfith  respect  to 
efficiency  as  a  function  of  the  design  variables 
(hub  to  diameter  ratio,  propeller  loading  etc*)  and  the 
kind  of  body  in  combination  with  which  the  propeller 
will  be  used.  The  procedure  to  be  followed  has  been 
discussed  in  section 

For  a  given  power  (thus  torque  coefficients)  the  thrust 
coefficients  of  the  propellers  (forward-  and  aft 
propeller,  with  respectively  without  shroud)  have 
been  plotted  as  a  function  of  the  advance  rSLtlo  (A) 
in  the  Figures  3.14  through  3-17«  In  addition  the 
collective  pitch  angles  have  been  given  for  which 
the  optimum  values  of  the  thrust  are  obtaihSd, 

The  maximum  thrust  (in  tons)  has  been  plotted  as  a 
function  of  the  speed  (in  knots)  for  a  given  power 
(h.p. )  for  full  scale  propellers  in  the  Figures  3»l8 
and  3*19.  The  scale  ratio  has  been  assumed  to  be  20. 

The  numbers  of  revolutions  per  minute  of  the  propellers 
are  assumed  to  be  equal  to  50. 

The  total  thrust  produced  with  both  forward-  and  aft 
propeller  operating  at  the  installed  power  is  given 
in  Figure  3*20, 

The  maximum  speed  of  a  submarine  equiped  with  this 
kind  of  large  hub  to  d3.ameter  ratio  propellers  can  be 
roughly  derived  from  these  diagrams.  The  submarine 
size  used  for  these  diagrams  is  given  on  the  next  page. 
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^.4. 3.'  Propulsion  tests.  Results  for  the  transverse  forces 
due  to  cyclic  pitch. 

The  following  phenomena  are  of  interest  with  respect 
to  the  generated  side  forces,  namely: 

a.  the  magnitude  and  the  direction  of  the  generated 
side  force*  It  has  appeared  that  tiie  torques 

generated  in  the  propeller 
planes  are  rather  unimportant.  The  contribution 
of  the  side  forces  to  the  moment  around  the  ship’s 
c.q*  is  much  larger. 

b.  the  change  in  thrust  due  to  cyclic  pitch. 

c.  the  change  in  torque  due  to  cyclic  pitch. 

With  respect  to  the  magnitude  and  the  direction  of  the 
generated  side  force  the  following  conclusions  can  be 
drawn : 

1 .  the  magnitude  of  the  total  transverse  force 
increases  by  an  appreciable  amount  if  the  velocity 

is  increased.  The  total  transverse  force  coefficients 
of  the  forward-  and  aft  propeller  with  respectively 
without  shroud  are  plotted  as  a  function  of  A 
with  the  cyclic  pitch  angles  o(j  or  y3^  as 
parameters  and  for  a  collective  pitch  angle  of  36°, 
in  Figure  3.21. 

2.  it  is  evident  that  an  appreciable  rotation  of  the 
transverse  force  takes  place  when  the  speed  of  the 
submarine  increases.  The  angle  [X]  between  the 
total  transverse  force  and  the  positive  y  -axis 

_ (see  Figure  3.4.)  of  the  forward-  and  aft  propeller 
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pitch  angle  as  parameter  for  a  collective  pitch 
of  36°  in  Figure  3,22.  The  direction  of  the 
force  vector  is  in  accordance  with  the  results 
of  a  qualitative  theoretical  analysis  as  described 
in  Appendix  A.  The  results  of  the  experiments 
and  the  theoretical  analysis  are  given  in  Figxire 
3,23»  A  reasonable  agreement  has  been  found  for 

A  =  UO  . 

3.  the  magnitmde  of  the  total  transverse  fore® 

generated  by  the  forward  propeller  of  the  submarine 
is  if  compared  with  the  aft  propeller,  much 
smaller.  The  transverse  forces  have  been 
determined  by  measuring  the  transverse  force-  bn- 
the  body  correcting  for  the  forces  of  the  body 
without  propeller  blades  and  shrouds.  In 
consequence  the  measured  transverse  forces  include 
the  interaction  effects  between  the  propeller 
and  th^  submarine  body.  It  is  clear  that  opposing 
side  forces  are  generated  on  the  body  as  a 
consequence  of  the  sideways  deflection  of  the 
propeller  jet.  Especially  in  the  base  of  the 
forward  propeller  therefore  a  drastic  reduction 
in  the  generated  side  forces  nas  been  found  if 
ccanpared  with  the  aft  propeller  {see  Figure  3*21  )♦ 

4-,  A  shroud  can  in  principal  also  have  an  linfavourabie 
effect  in  the  same  way  as  explained  above.  In  ot*der 
to  minimize  this  effect  the  shrouds  were  located 
rather  forward  with  respect  to  the  propeller  disk. 
It  appeared  however  that  the  presence  of  a  shroud 
did  not  have  a  large  effect  on  the  magnitude  of  the 
side  forces,  (see  par  example  Figure  3.21),  The 
direction  of  the  side  force  is  however  somewhat 
effected  by  the  presence  of  a  shroud. 
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With  respect  to  the  change  in  thrust  and  torque  due 
to  cyclic  pitch  the  following  conclusions  can  be 
drawn.  The  generation  of  the  side  forces  is 
accompanied  by  a  decrease  in  thrust  and  an  increase 
in  propeller  torque.  The  additional  thrust-  and 
torque  coefficients  ^  K"*  and  have  for  instance 

been  plotted  as  a  function  of  A  for  a  collective  pitch 
of  32°  in  Figure  3.24-, 

A  fortunate  coincidence  is  that  the  major  influence 
is  on  the  thrust  and  a  relatively  smaller  one 
on  the  propeller  torque  or  Qg  ■»  Moreover  for 

low  values  of  the  propeller  torque  the  increase  in 
the  torque  due  to  cyclic  pitch  appeared  to  be  large 
and  for  large  values  of  the  propeller  torque  the 
increase  in  torque  due  to  cyclic  pitch  appeared  to  be 
small. 

The  decrease  in  thrust  due  to  cyclic  pitch  appeared 
to  be  small  for  low  values  of  the  propeller  torque. 

For  large  values  of  the  propeller  torque,  the  decrease 
in  thrust  due  to  cyclic  pitch  appeared  to  be  large. 

The  most  important  conclusion  which  can  be  drawn 
from  the  foregoing  is  that  the  required  power  for 
the  propellers  of  the  submarine  will  not  be 
primarily  defined  by  requirements  concerning  the 
maneuvrability. 
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4,  Theoretical  research* 

4.1,  Introduction. 

Recently  interest  has  been  shovm  in  the  application  of 
shrouded  large  hub  to  diameter  ratio  propellers.  Design 
data  for  this  kind  of  propulsion  systems  are  not  available. 
Due  to  this  fact  no  attempt  was  made  to  optimize  the  design 
of  the  propeller  systems  of  the  tested  submarine  models. 

The  design  of  the  shrouded  large  hub  to  diameter  ratio 
propeller  depends  on  a  large  number  of  variables. 

Therefore  it  is  a  complicated  problem  to  optimize  the 
design  of  this  propulsion  device. 

The  N.S.M.B.  started  simultaneously  with  the  design  of 
the  submarine  models  for  experiments  the  development  of  a 
stationary  theory  for  this  special  propeller  type.  The 
first  numerical  results  of  this  theoretical  analysis  are 
now  available. 

Investigations  to  optimize  the  design  of  the  shrouded 
large  hub  to  diameter  ratio  propeller  can  be  based  on 
this  theory.  The  general  outline  of  the  theoretical 
analysis  and  the  first  numerical  results  are  given  in 
the  following  sections, 

4.2.  Calculation  of  the  flow  field. 

4.2.1.  Mathematical  model. 

Important  design  parameters  of  shrouded  large  hub 
to  diameter  ratio  propellers  are:  (see  figure  4,1) 

1 .  the  ratio  between  shroud  length  and  propeller 
diameter.  {  ^  ) 

2.  the  ratio  between  hub-  and  propeller  diameter  {  ^  ) 

3.  percentage  of  shroud  length  in  front  of 
propeller  disk  (a) 

4.  the  advance  ratio  (A  ) 

5.  the  loading  of  the  screw  (Kfj.) 

6.  the  thickness  form  and  the  maximum  thlcknes*^ _ 
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The  calculations  of  the  flow  field  of  the  shrouded 
propeller  were  based  on  the  following  assumptions. 

The  shrouded  propeller  moves  steadily  forward. 

The  forward  velocity  was  assumed  to  be  sufficiently 
large,  the  shroud  camber  loading  and  the  blade 
loading  of  the  screw  sufficiently  low  to  permit  the 
application  of  linearized  theory.  The  effect  of  the 
friction  on  the  flow  field  was  neglected. 

The  shrouded  propeller  consists  of  an  annular 
airfoil  of  finite  length  with  an  internally  operating 
propeller  having  an  infinite  number  of  blades.  The 
hub  of  the  propeller  is  of  constant  diameter  and 
has  an  infinite  length. 

The  mathematical  model  of  the  geometrical 
configuration  of  the  shroud-propeller-hub  system 
can  be  composed  by  means  of  vortex-  and  source 
distributions,  (see  Figure  4,2). 

The  propeller  flow  field  is  represented  by  a  disk 
with  a  continuous  bound  vortex  distribution  of 
constant  strength  in  circumferential  direction. 
Assume  the  vortex  strengths  per  unit  area  to  be 
equal  to : 


The  vortex  strength  is  also  constant  along  i^ifting 
lines  in  which  we  can  split  up  the  bound  vortex 
distribution  representing  the  propeller  disk.  The 
vortex  strength  per  length  unit  along  a  lifting 
line  is 


thus 
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Further  the  propeller  flow  field  consists  of 
helicoidal  trailing  vortices.  Each  trailing  vortex 
line  lies  on  a  cylinder  of  constant  diameter  {equal 
to  hub  or  shroud  diameter)  and  has  a  constant  pitch. 

The  effect  of  the  induced  velocities  on  the  shape 
of  the  helicoidal  vortex  lines  is  neglected  in  the 
linearized  theory. 

A  sector  aij;  of  the  propeller  gives  helical  vortices 
starting  frcxa  the  shroud  and  the  hub  with  a  vortex 
strength  per  unit  of  length  equal  to  respectively: 

=  y(«.)  ^  sh  roud ) 

The  increase  angle  of  the  helical  lines  is: 

U 

c-  rs  ORCXCi  - 

ojn, 

The  flow  around  the  shroud  is  represented  by  a 
distribution  of  ring  sources  and  a  distribution  of 
ring  vortices  along  a  cylinder  of  constant  diameter. 

The  effect  of  the  induced  velocities  on  the  shape 
of  the  bound  vortex  system  and  the  sources  is 
neglected.  The  annular  airfoil,  representing  the 
shroud,  is  axi-symmetrical. 

Then  we  have  on  the  shroud: 

1.  a  bound  ring  vortex  distribution  with  a  strength 
equal  to  zero  at  the  leading  edge  of  the  shroud 
and  equal  to  the  strength  of  the  circumferential 
component  of  the  helicoidal  trailing  vortices 
at  the  propeller  disk.  This  vortex  distribution 
prevents  a  Jrop  in  th«^  radial  induced  velocity 
along  the  shroud  at  the  screw  disk.  The  vortex 
distribution  is  assumed  to  have  a 

sinusoidal  shape,  thus 


^  sm  TC  .a; 


ELZ. 

NO. 
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2.  a  source  distribution  which  gives  the  thickness 

effect  of  the  shroud.  The  strength  of  the  source 
distribution  along  the  shroud  can  be 

calculated  in  the  usual  way  from  the  given 
thickness  HC4)  of  the  shroud  profile. 

3.  continuous  bound  ring  vortex  distributions 
which  are  a  measure  for  the  loading  of  the 
caraberline  of  the  shroud,  which  permits  a 
representation  by  Fourier  Synthesis  of  other 
distributions.  Since  the  vortex  strengths  at 
the  leading-  and  trailing  edges  of  the  shroud 
are  zero,  the  vortex  distributions  have 
sinusoidal  shapes. 

The  strengths  of  the  ring  vortex  systems  are: 
y,(R,)  SinfC  (I -t-^) 
yxCfi,)  5«»i3.tc(A  +  a) 

Sin  hTTC  (i  +cx) 

The  shroud  will  have  shock-free  entry  because 
the  toal  ring  vortex  strength  at  the  leading 
edge  is  equal  to  zero. 

Assume  f  + -y  (q_o.s^)  =  _  |  coae 

The  vortex  strength  of  the  various  ring  vortex 
systems  becomes: 

jbetween  and  o 


and 


thus 


NO. 

Sine  [between  -^->7  and  (1-0)1^  j 

y^<R,)sm2©  [id  j 

[id  ] 

The  effect  of  the  hub  on  the  flow  field  is 

represented  by  several  ring  vortex  distributions. 

The  ring  vortex  distribution  has  the 

function  to  compensate  the  radial  induced 
velocities  by  the  propeller  flow  field  at  the 
hub.  Tlie  total  induced  radial  velocity  along  the 
hub  by  the  propeller  flow  field  and  the  ring 
vortex  distribution  must  be  zero. 

The  ring  vortex  distribution  serves  to 

compensate  the  radial  induced  velocities  along  the 
hub  by  the  thickness  of  the  shroud. 

The  ring  vortex  distributions  h^{4)  serve  to 
compensate  the  radial  velocities  along  the  hub 
induced  by  the  sinusoidal  ring  vortex  distri¬ 
butions  along  the  shroud. 

The  resulting  mathematical  model  is  summa^^ized 
in  Figure  2,  where  W  ,  V,  and  w  are  the 
dimensionless  velocities  induced  by  all  the 
vortices  and  sources.  and  are  the 

induced  velocities  in  the  axial,  circumferential 
and  radial  direction  respectively, 

4-, 2. 2.  Calculation  of  the  induced  velocities. 

The  total  induced  velocites  can  be  calculated 
according  to  the  law  of  Biot-Savart. 

In  the  following  we  give  the  induced  velocities 
in  the  point  of  the  field  by  the 

various  vortox  systems  and  source  distributions. 
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The  relations  are  made  non-dimensional  in  the 
following  way: 


X  =  21 

1-4 

u  =  kT 

-T?. 

"R. 

u. 

-A.  = 

-A,  = 

-T2. 

11  _  t«i^i 

^  "  TT 

'fi. 

y  _  /C^-) 

^  LL 

II 

LL 

'V"  - 


k 


^rr.= 


Ul 


5«. .  ^ 


LL 


1 .  Induced  velocities  by  the  bound  vortices  of  the 
propeller  disk« 


~  0) _ 

Va  «  O 


TC 


W  C3i,x)  =:  O 


j  ‘=^H’ 


(X-^)CQSZy 


2,  Induced  velocities  by  the  helicoldal  vortices 
starting  from  the  shroud, 

3-  f  ^ 

Cx.n)  =  ^  J  cLif _ Cnnco&ZM)) 


^  o 

O, 


\vf 'M)  =  i  arf  ay _ (Jl-4-a^  xtp) _ 

e/J  ■'Vi 

w“*  (x.S.)  =  .  U''  f  df  [MC«4)--c1cos  :tv  _ 


o 
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3.  Induced  velocities  the  helicoidal  vortices 


starting  from  the  hub. 


CO 


Cx,n^  ^  ^  \jx\  ^ 

O  ^  [{^CX-|)-Tj^+>i{CA+iLf-‘iXiiSmVjp 

T  ax  r  du> _ (3l>Xcoi>xs») _ 

^  i  i  ^  i - 

vf(ia).  ?  aJ\  ^KA4)-TJcos^V> 

T"'  ^  i  [ - ...  — 


4-,  Induced  velocities  by  the  discontinuous  rim 
vortex  distribution  along  the  shroud. 


_W 


?  '^/x 


(l+ncositv) 


XfCyaC^i-ci)  .atj  » 


{(5  •f)*'  +  -SinV 


_ Lk} 


—H 


2Il\/a(l.cj)  .tx-^  a  [  - 


(.X-10coSXlJ> 


5.  Induced  velocities  by  the  source  distribution 
along  the  shroud. 


_ (5) 

Va  ( ^.^) 


0“?))  “^4 


f  J  ay  ^ ^ 

-oij  o  (i+5L)^_ 


K  (  X  ,  a) 


^Tc\X)- 


(.i-ca)')^  Va 

i  j  41^4’ 

— 1J  o  [. - 


JT.+  COS 


distributions  along  the  shroud. 


-  - 


(X,n.)  = 


(x,rg  = 


^  I  J  ‘‘y 

O 


me  --  , 

(_Cx-^)^4-(i+51)*’_  An,  Sm^ ij>J  ‘ 


_  0-o)y 

4-141=., 


S«i  me 


_ (X-^)  cosay 


Induced  velocities  by  the  ring  vortex  distribution 
V^oCIJ  along  the  hub. 


:p-/7)  .  . 


( x,ji)  ^ 


_(?) 

(x,n) 


-wo  ■%  _ 

-  ^  f  d|  [  dw  . [X-i-^co&ay] 

i  .  r*. .  V 


n*"-*-  aS.\coaay] 


-K» 

y  4  ]  <.,  - - 

L - 4'^ 


Induced  velocities  by  the  ring  vortex  distribution 
along  the  hub. 


vj*\x.n)  =  _^  J  pay  'r,  ^(k)  _ 

I  +  ^*’+  ^  In-X  Cokivj 


(5)  'X 

t'xA)  =  y  =>C  I 

-CO  o  £ _ _ 


---1^ 
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9.  Induced  velocities  by  the  ring  vortex  distribution 
VvmC4)  along  the  hub. 


(X+SiCoSXf) 


P 


—  _ 

”W^  -a  o 


X 

•n: 


,u.  _ 

- - 

-CO  «>  ^ _  _  _  _  _  _  _ \A 


The  above  mentioned  relations  for  the  induced  velocities 
can  be  calculated  with  the  aid  of  numerical 
integrations  for  the  chosen  data  of  the  design 
parameters.  A  numerical  program  for  the  N.S.M.B. 
digital  computer  based  on  this  theory  was  made 
(see  Appendix  H,  Numerical  program  no.  1). 


4,2.3.  Calculation  of  the  ring  vortex  distributions  along 
the  hub. 

The  ring  vortex  distribution  serves  to 

compensate  the  radial  induced  velocities  by  the 
propeller  flow  field  and  the  discontinuous  ring 
vortex  distributions  along  the  shroud.  Tha  flow 
field  in  so  far  as  it  depends  on  the  propeller 
loading  consists  of: 

1  .  bound  vortices  of  the  propeller  disk 

2,  helical  vortices  starting  from  hub  and  shroud 

3.  discontinuous  ring  vortex  distribution  along  the 
shroud 


The  total  induced  radial  velocity  along  the  hub  must 
be  equal  to  zero,  thus: 


O 


Thp*  integro-differential  equation  for  the  ring  vortex 
distribution  has  been  solved  with  the  aid  of 
numerical  calculations  (see  Append ix  J8 ) , 


HO. 
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In  the  satae  way  we  can  determine  the  ring  vortex 
distributions  l\^Lk)  and  U^c|)  by  the  source 
distribution  and  the  sinusoidal  ring  vortex 
distributions  respectively  along  the  shroud,  with 
the  aid  of  the  following  relations: 


4.3.  Calculation  of  the  frictionless  torque  and  thrust. 


^•3.1.  Torque  and  thrust  of  the  propeller. 


The  propeller  is  replaced  by  a  disk  with  a 
continuous  bound  vortex  distribution.  The  strength 
of  the  vortices  per  area  unit  is: 

Assume  the  propeller  to  possess  It  blades  and  let  each 
blade  be  represented  by  a  lifting  line.  The  vortex 
strength  along  a  lifting  line  is: 


attjv  "^1 


•yc'a.)  = 


yes.) 


X  j\  »  '  "Z. 

The  relative  velocity  of  the  flow  with  respect  to 
a  propeller  blade  is  according  to  the  linearised 
theory  (see  also  the  figure  below): 

-  [  Ll%  V  Co,n.)l 
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The  lift  on  a  propeller  blade  at  a  radius  r  is 

thus 

■=.  _  JL  03£>i^  =  -5  — yC^i)  aa  [^cin  +  "VJ^Co.n^J 
J  y{«,)  JtxL  U.  +  ‘U„Co,7v)^ 

The  total  thrust  of  the  propeller  is: 

'’lo 

or 

k^’’  =  ■K.^ci'TR,  ycK,")  +  XK^  %  y(«,)  j  TaT,  cq, «-)  -Jn. 

The  total  torque  of  the  propeller  is: 

I'l  = 


I 

M  =  tc^'R,  a  +  fR.)J  X  (o,^)  ^  cK 

and  ’UTco,^)  average  induced 

velocities  at  the  point 


4,3.2.  Thrust  on  the  shroud. 

In  order  to  calculate  the  thrust  on  the  shroud  it  is 
convenient  to  consider  first  the  forces  on  the 
element  (see  the  Figure). 


The  average  radial  velocity  at  the  shroud  gives  the 
slope  of  the  camberline. 

T<^  c^Cx)  = 

U. 

According  to  the  linearized  theory  is 


u 


coSixrCA')  -tc  \ 

The  thickness  form  of  the  shroud  is  given  by 
According  to  the  linearized  theory  is 

Sm  fh  '1^ 

cos  p,  1 

The  static  pressures  along  the  inner-  and  the  outer 
surface  of  the  shroud  are  defined  by  and 

respectively.  The  forces  on  the  element 
<dxR.cdif  of  the  shroud  are: 

dk,  ['e  ex  's,)  _  V Cx.T^.)]"R,^xdv^ 
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The  force  in  the  x-direction  is: 


Jlk^  —  _  jic,  +  dkj^ 

u 

The  total  thrust  on  the  shroud  is  equal  to: 


€»  _l» 


After  carrying  out  the  integration  over  f  ,  the 
thrust  on  the  shroud  becomes: 


t+L 

am '5?,  f  -'P*^ -4- 

ffc  Ll  -* 

„  r -p  ck ,-4?.)  +  -p- cx.-R,)! 

V/ith  the  aid  of  Bernoulli’s  theorem  the  pressure 
distribution  can  be  calculated  from  the  velocity 
distribution  along  the  shroud. 

Derivation  of  the  presstire  distribution  along  the  outei 
and  the  inner  surface  of  the  shroud  give  respectively: 


Vc>c.'R,) 

^  UL 

The  Bernoulli  constant  of  a  streamline  changes  at  the 
place  of  the  propeller  disk.  The  expression  ^ 
mentioned  above  represents  the  jump  in  static  pressure 
at  the  propeller  disk.  satisfies  the  condition' 

-  o  X.  <  o 

^  =  I  X  p.o 

’KTc^'^.)  and  are  the  axial  induced 

velocities  along  the  outer-  and  the  inner  surface 
of  the  shroud  respectively.  Vo  cx..p,)  and  "vr" (x.-r.) 
are  equal  to  the  average  axial  induced  velocities 
corrected  with  the  drop  in  the  axial  velocities 
induced  by  the  ring  vortex  distributions  along  the 
shroud . 
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The  induced  axial  velocities  are  given  by 


vJ'cx.Ti,')  =-w^cxrs.)  _  •  5.„ol  4. 

^  ^  ^  I  w\’  •'-.b$X<Co 


+  [  ^  Sm  m©)-  ”1. 


'U^  =  X 


=  XC^-R.)  *  i  [{ -^5L  s,„e]  + 

^  “^yaC^-o)  -'  — b4x<o 

f  ^'1  y  L  I  I  ^  Y»t>  t  T 

*■  ^  Jo^X^-b+L  L  vr%  /  J_b<x^-b+l  J 


The  relations  for  the  pressure  distributions  become; 


I  =  X  soR,  yCR.)  -  ?a  [f  ^e]  -+ 

X\/aO-«>  J-bix<o 


'T*’c>rR,') +  'p  +  )i  sw'R.ycR,^- 

The  total  thrust  on  the  shroud  becomes: 


o 

[ 

VivCsC.'R,) 

J 

-b 

U 

-b+L 

■Wa.Cx,'^,) 

J 

-b 

U 

^trn,  im©  cdx  + 


-i-  a-ic-R,  ^wTi?,  y(*?,)  f^(o)  + 

_b+L 

'r  ^ll-a  I  X  C»c:r,)  A->c 

-i> 

where  use  is  made  of  the  following  relations: 

_b>L 

f  dx=o 

J  «Jx 

-•b 

-bvL 

[  J?  jx.  =.  _  Hco> 

J  Ax 
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4-»3.3»  Thrust  on  the  hub. 


In  order  to  calculate  the  thrust  on  the  hub  it  is 
convenient  to  consider  first  the  force  on  the 
element 

The  shape  of  the  hub  is  f^iven  by  . 

According  to  the  linearized  theory  is; 

Tq  'C  iC 

fix 

cos  ^  I 

The  pressure  distribution  along  the  hub  is  defined 
by  »  The  force  on  the  element  (^(x)a43clx 

of  the  hub  in  the  x-direction  is  than: 
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or  after  carrying  out  the  integration  over  : 

qcxi  dx 

With  the  aid  of  Bernoulli’s  theorem  the  pressure 
distribution  can  be  calculated  frcmi  the  velocity 
distribution  along  the  hub.  The  pressure  distribution 
is  given  by 

^  u 

The  expression  represents  the  effect  of  the 

pressure  increase  along  a  streamline  at  the  place  of 
the  propeller  disk.  satisfies  the  condition 
mentioned  in  section  4. ‘^.2. 

The  axial  induced  velocity  along  the  hub  is  defined 
by  .  The  total  velocity  consists 

of  the  average  induced  axial  velocity  ■vtca'-r.) 
and  the  drop  in  axial  velocity  induced  by  the  ring 
vortex  distributions  along  the  hub. 

The  axial  induced  velocity  is  given  by:  I 

■VCrCx,'R.)  =  +  i  [;  py(R,)]  4-  [  -+ 

"  m  J_o,<x<eoJ 

The  thrust  on  the  hub  corrected  with  the  force  acting 
on  the  hub  in  the  case  of  &  non-operating  propeller 
becomes: 

r  i  ^  n 

K  =  :|  [  <5  («)  -  c-c+c)  J 

-c+C 

+  anj  U  1  dx  + 

^  4Z 

«c-f  C 

+-  TC^U  J  ^i.Cx)  4- 
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where  use  is  made  of  the  following  relations: 


and  tj(b)  = 


,  Calculation  of  torque,  total  thrust  and  efficiency. 

The  relations  for  the  torque  and  thrust  as  derived 
in  the  previous  sections  are  made  non-dimensional 
in  the  way  as  described  in  section  4,2.2.  and 
further  with 


HM 


tjCx) 


•e 


The  non-dimensional  torque  and  thrust  coefficients 
are  defined  by 


_  M  TC^ 

INq  =  -  - - - 

Sn*J)'  5  IcS-Tt, 

The  torque  coefficient  becomes^. 


CO 


=  -V-  L  Tv 


r 


(0,51)  ^  <drl 


5  ;U?‘  ^  jJ^ 

The  thrust  coefficients  of  propeller,  shroud  and 
hub  become  respectively: 


jL  f  ^^(o,  n.)  dn. 
2.  A'  J 

X 


k 


T 


V  j  "Vv^CX.l)  ci.X  + 

^  a) 
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^i/vk.  Ml©  cix  ■+ 


+  31. 1  V](o)  +  3L  .[ 
2.  U.  Jj?*  J 


v<“’=  +  -5?  y{^-  ^ 

'  8'  lx 

0-^)^ 

+  :^.[  .£^  ccx)=^(x»^x + 

^  o-d)^  _  .  _  _  _  _  _ 

+  JL..  ±  I  r  ^  di 

The  total  thrust  coefficients  becomes: 

,  (0  W  . « 

k,  =  k:^  +  Kt  +  Kt 

The  efficiency  of  the  propulsion  device  is  defined 


'>}-  ±.  m 

A  numerical  program  for  the  N.S.I4.B. -digital 
computer  has  been  made  to  calculate  the  thrust  and 
torque  coefficients  and  the  efficiency  of  the  large 
hub  to  diameter  ratio  propeller  based  on  the  above 
derived  expressions,  (see  Appendix  .B,  Numerical 
program  no,  2), 


4, 3, 5,  Calculation  of  the  camberline  of  the  shroud. 

The  shape  of  the  camberline  of  the  shroud  can  be 
derived  from  the  average  radial  velocities  along  the 
shroud . 

The  shape  of  the  shroud  is  defined  by  SCx>  ,  the 
distance  between  a  cylinder  of  constant  diameter 
{radius  )  and  the  camberline,  (see  also  the 
Figure ) 


BUL 
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The  function,  scx) 
is  given  by 


The  values  of  x,  are  situated  between  and 

4,3.6.  Pressure  distribution  along  the  shroud. 

The  pressure  distributions  along  the  inr.er-  and 
the  outer  surface  of  the  shroud  are  derived  in 
section  4.3.2,  The  expressions  for  the  pressure 
distributions  are  made  non-dimensional  in  the  usual 
way  (see  sections  4,2.2,  and  4,3.4.). 

The  pressure  coefficients  0()  and  A?~(x)  are 
defined  by: 


A?" 


iru?' 


The  pressure  coefficients  become: 

-  r;  Aim,  el 


[r  i 

o  <x  L  m  « 


<a)  ^  X.<  o 

+  I  21  .Aun.  vn© 


,1  . 


‘^3 


A-p-(xi  =  .  ,x<o  * 

-[  Mrf  S  V- "’"I..  Cx 


A  numerical  program  for  the  N.S.M.B. -digital  computer 
has  been  made  to  calculate  the  camberline  and  the 
pressure  coefficients  with  the  above  derived 
relations  {see  Appendix  iK 

4.4,  Effect  of  drfc>g  on  torque.,  thrust  and  efficiency. 

4.4.1.  Drag  of  the  propeller. 

The  average  relative  velocity  of  the  flow  with 
respect  to  a  propeller  blade  is  according  to  the 
linearized  theory, 

V(^)  =  (l^’+  taVj  .  r  I  -H  _iL_  XxCo.Tv)  +  _i±_ 

The  number  of  blades  of  the  propeller  is  assumed 
to  be  equal  to  2.  The  vortex  strength  along  a 
lifting  line  by  which  a  propeller  blade  can  be 
replaced  is 

Tne  chord  length  and  the  maximum  thickness  of  a 
section  of  a  propeller  blade  are  defined  by  ccn) 
and  5^'\x\)  respectively. 

The  lift  on  a  blade  section  at  a  radius  n  is  per 
unit  span: 

Lcn)  =  ^V(n)  y(«,) 

The  lift  coefficient  becomes: 

C^Cn)  =  ^ 

cc"-)  ^Vc^)  c(^v) 

The  value  of  the  drag  coefficient  as  a 

function  of  the  Reynolds  number,  the  lift  coefficient 
and  the  maximum  thickness  of  tne  blade  section,  can 
be  obtained  from  the  experimental  results  on  two 
dimensional  streamlined  foils  as  collected  by 
Hoerner  [x]  .  (see  section  4.4,4.) 
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The  drag  of  a  blade  section  at  a  radius  n.  is: 

dV(-a)  =  Jix. 

The  drag  of  the  blade  section  in  axial-  and  in 
circumferential  direction  are  according  to  the 
linearized  theory. 


-TC  '^oCo.n) 

a 


'Tt, 


uw 
1+  -i-V- 


;; _ VJy(<3i,n.) 

lW  u.  J 


oU. 


^  'Ti.  '  L  UL 


t-+a 


14-  Hi 


nt.*-  ^  Cc>n) 

U  . 


The  decrease  of  the  propeller  thrust  by  the  drag  is: 

(0  "r 

^  J 


or 


w  .  *■  r  0)  /  wV  r 

k^  =  ^.i5U  ja>v)c^c-)(.+ [ 


•/  1 


1 + 


li2- 


LL 


V4- 


_  "wyco.n.)'! 

■  L5  J 


<d^v 


The  increase  of  the  propeller  torque  due  to  the 
drag  is: 


Mw  =  ^  I 


4- 
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-1 
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4.4.2,  Drag  of  the  shroud. 

The  average  axial  velocity  along  the  shroud  is 
according  to  the  linearized  theory: 


u. 


— 


The  value  of  the  drag  coefficient  of  the  shroud 

as  a  function  of  the  Reynolds  number  and  the  maxinora 
thickness  of  the  shroud  profile  can  be  obtained  from 
the  experimental  results,  collected  by  Hoerner  [2] 
(see  section  4.4.4.), 

The  induced  drag  is  already  taken  into  account, 
because  in  4.3,  the  pressure  on  the  shroud  has  been 
calculated. 

The  drag  of  the  shroud  becomes: 


_b+L 

LikR,  =  •rcjc'i'L'R.LL  [j+  I 


4.4.3. 


the  hub. 


The  axial  velocity  along  the  hub  at  the  place  of 
the  propeller  disk  is: 

V u+ 

The  weitted  area  (o)  of  the  hub  is  given  by  the 
follovring  relation: 


-c-t-t  - - , 

O  ^  Xu.  J  cjCx)  c^x 


Only  the  skin  friction  drag  coefficient  has  to  be 

taken  into  account  for  the  calculation  of  the  drag  of 
the  hub  (see  section  4.4.4,).  ' _ ^ _ i_ 
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The  drag  of  the  hub  due  to  the  skin  friction  becomes: 


i^’a.  c2\o  [i+ 


4. 4-. 4-.  Calculation  of  the  drag  coefficients* 

0)  Li) 

The  values  of  the  drag  coefficients 

and  can  be  obtained  from  the  experimental  results 

collected  by  Hoerner* 

The  flow  around  propeller  blades  and  along  hub  and 
shroud  is  fully  turbulent  because  the  value  of  the 
Reynolds  number  based  on  the  profile  length  is 
beyond  \o^. 

The  drag  coefficient  in  this  region  of  Reynolds 
numbers  is  expressed  by  the  following  empiric 
relation  {see  Hoerner) : 

The  parameter  is  the  turbulent  skin-friction 
drag  coefficient* 

The  drag  coefficient  as  mentioned  in  section 

4.4.1,  becomes: 

The  skin-driction  drag  coefficient  c^c»v)  can  be 
obtained  with  the  aid  of  the  following  empiric 
relation: 


Cp  Cjv)  -  O.U5S  ?crc^  CC^) 


-a.  5-8 


The  effect  of  the  induced  velocities  on  the  value 
of  the  Reynolds  number  is  neglected. 

The  drag  coefficient  becomes: 
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can  be  obtained  with  the  following  empiric 
relation: 

Cp’=  a.i^ss  [ir<3.(T 

The  effect  of  the  induced  velocities  on  the  value 
of  the  Reynolds  number  is  neglected. 

(i) 

The  drag  coefficient  becomes: 

^  0.1,55  [?crcj-(  4 


4-. 4, 5.  Effect  of  drag  on  torque,  thrust  and  efficiency. 

The  relations  for  the  torque  and  thrust  due  to  the 
drag  as  derived  in  the  previous  sections  are  made 
non-dimensional  in  the  way  as  described  in  the 
sections  4.2.2.  and  4.3.4. 

The  non-dimensional  torque  and  thrust  coefficients 
due  to  drag  are  defined  by 

Kt-  r-. 


M 


Vo 


The  torque  coefficient  of  the  propeller  due  to 
drag  becomes: 


i<Q  -=^.3  I  cc^)  c-^)  14- 4- 

i6  p.  -1  '  L  . .  ,f..t 


,+)lA 


1+  pf  JU 


- -  'Wif  Co,  A)"]  ciA 
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The  thrust  coefficients  of  the  propeller,  shroud 
and  hub  due  to  drag  become: 

I 

Kg  =  3^  f  cc^)  [  1+  ^oCo.;^) 

“  8  It’-J  *- 


K,  =  ^  j3£i  i\  x<‘.o  ‘i'^1 


^5  =  ^ 


_£^  [  I  +  a\^Co>i]  \  . 


The  total  thrust  of  the  propulsion  device  including 

the  effect  of  the  drag  is: 

(0  b.)  Cs)  ,  0)  w 

K-  -Sa  4-  4- 


-"s  -  •'Su  -  -  -^Su 

The  torque  becomes: 

0^  (•> 

The  efficiency  of  the  propulsion  device  including 
the  effect  of  the  drag  is  defined  by  ,  thus 


y)  _  1  '^TreT. 

*  Li>  ^  ' 

A  numerical  program  for  the  N.S.M^B, -digital- 
computer  has  been  made  to  calculate  the  thrust, 
torque  and  efficiency  of  the  propeller  including 
the  effect  of  the  drag  based  on  the  relations  as 
derived  in  the  previous  sections,  (see  Appendix  B, 
Numerical  program  no.  3) • 
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4,5»  Presentation  and  discusaion  of  the  computation  results. 

With  the  aid  of  the  theoretical  analysis  developed  by  the 
N.S.M.B.  the  propeller  torque,  thrust  and  efficiency,  the 
camberline  of  the  shroud  and  the  pressure  distribution 
along  the  shroud  can  be  calculated  for  the  chosen  values  of 
design  parameters. 

The  design  of  the  propeller  can  be  optimized  with  respect 
to  efficiency  for  instance  by  a  systematical  variation  of 
the  design  parameters. 

The  numerical  program  for  the  N.S.K.B.  digital  computer 
based  on  this  theory  was  divided  into  the  following  parts: 
part  1 .  Calculation  of  the  propeller  flow  field 

part  2,  Calculation  of  the  torque,  thrust  and  efficiency 

part  3.  Calculation  of  the  effect  of  drag  on  the  torque, 

thrust  and  efficiency. 

At  thir  moment  only  part  1  of  the  numerical  program  is 
finished.  The  camberline  of  the  shroud  and  the  pressure 
distribution  along  the  shroud  can  be  calculated  easily  if 
the  propeller  flow  field  is  known. 

To  illustrate  the  possibilities  of  part  1  of  the  numerical 
program  we  will  give  a  series  of  shroud  shapes  for  v^ich  the 
velocities  at  the  propeller  disk  increases.  In  order  to 
increase  systematically  the  velocities  at  the  propeller  disk, 
the  loading  of  the  shroud  was  varied.  The  data  used  for  the 
design  parameters  and  the  assumed  propeller  loading  are: 

1.  ^  »  0.36 

2.  ^  0.60 

3.  1.35 

4.  0.10 

5.  ^  “  0.80 

6.  the  shroud  has  a  NASA  0007  basic  thickness 

form. 

These  data  are  chosen  similar  to  the  propellers  of  the  T.P.S. 

The  strength  of  the  continuous  bound  vortex  distribution 
representing  the  propeller,  is  chosen  in  accordance  with  the 
value  of  the  thrust  coefficient 
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The  strength  of  the  vortex  distribution  along  the  shroud  is 
chosen  sinusoidal  (see  in  Figure  4.2.,).  The  amplitude 

of  the  vortex  strength  is  varied  systematically.  Shroud  no.  1 
(sec  the  Figures  4.3  and  4.4)  has  an  unloaded  camber. 

Shrouds  no.  2  and  no.  3  have  systematically  increasing 
loadings  of  the  camber  lines,  resulting  in  increasing 
velocities  and  a  d-ecreasing  static  pressure  at  the  propeller 
location. 

The  calculations,  carried  out  according  to  the  theory 
developed  by  the  N.S.M.B.,  lead  to  results  which  are  given 
in  the  Figures  4.3  and  4.4  and  table  4.1. 

The  shape  of  the  camberline  according  to  the  loading  of  the 
shroud  is  given  in  Figure  4.3  and  tabulated  in  table  4.1. 

The  shape  of  the  camberlines  is  given  with  respect  to  a 
cylinder  of  constant  diameter  representing  the  shroud  of  the 
mathematical  model. 

Figure  4.4.  shwos  the  static  pressure  coefficients 
and  CpC^)  along  the  nozzle  with  the  loading  of  the  nozzle 
as  parameter.  The  static  pressure  coefficients  ^nd 

c~(,%)  are  defined  by: 


Cpcx)  * 


'Pco  and  U  are  the  static  pressure  and  the  velocity  of  the 
undisturbed  flow  respectively.  and  are  the 

static  pressure  at  respectively  the  inner  and  the  outer  side 
of  the  shroud  at  a  location  x 


The  shrouds  have  shock-free  entry  because  the  vortex 
strength  at  the  leading  edge  of  the  shroud  equals  zero. 
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The  shroud  shape  of  the  T.P.S.  propeller  is,  for  comparison 
with  the  calculated  series  of  shroud  shapes,  also  given  in 
Figure  4.,  3.  The  shrouded  forward-  and  the  shrouded  aft 
propeller  configurations  of  the  T.P.S.  are  given  in  the 
Figures  4.5  and  4,6®  In  these  figures  is  also  given  the 
calculated  shroud  shape . 

After  completion  of  parts  2  and  3  of  the  numerical  program 
we  can  define  the  propeller  characteristics  (thrust,  torque 
and  efficiency)  and  judge  the  characteristics  of  the  T.P.S. 
propellers. 
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5.  Conclusions  and  suggestions  for  further  research* 

The  most  important  conclusions  which  can  be  drawn  from  the 
experimental  results  are: 

1 .  the  magnitude  of  the  transverse  forces  is  for  low  values 
of  j\.  equal  to  around  1 0  ^  of  the  thrust  and  increases 
by  an  appreciable  amount  if  the  velocity  is  increased. 

2.  the  direction  of  the  transverse  force  changes  by  an 
appreciable  amount  if  the  velocity  is  increased. 

3.  side  forces  opposed  to  those  generated  by  the  propeller  are 
experienced  by  the  body  as  a  consequence  of  the  sideways 
deflection  of  the  propeller  yet. 

Especially  in  the  case  of  the  forward  propeller  therefore  a 
drastic  reduction  in  the  generated  side  forces  has  been 
found  if  compared  with  the  aft  propeller. 

4-,  the  generation  of  the  side  forces  is  accompanied  by  a 
decrease  in  thrust  and  an  increase  in  propeller  torque. 

For  low  values  of  the  propeller  torque  the  increase  in  the 
torque  due  to  cyclic  pitch  appeared  to  be  large  and  for 
large  values  of  the  propeller  torque  the  increase  in  torque 
due  to  cyclic  pitch  appeared  to  be  small. 

Thus  the  required  power  for  the  propellers  of  the  submarine 
will  not  be  primarily  defined  by  requirements  concerning  the 
maneuvrability, 

5.  the  presence  of  a  shroud  does  not  have  a  large  effect  on  the 
magnitude  of  the  side  forces.  The  direction  of  the  side 
forces  is  somewhat  effected  by  the  presence  of  a  shroud. 

It  seems  advisible  to  extend  the  research  in  the  following 
directions: 

1 .  more  detailed  experiments  must  oe  carried  out  to  examine  the 
characteristics  of  the  propellers  as  a  manoeuvring  device 

by  low  speed  and  large  angles  of  attack  of  the  submarine. 

2.  a  more  detailed  determination  of  the  interaction  effects 

I 

between  propellers  and  submarine  body  and  the  mutual 
interaction  effects  between  the  propellers. 
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It  has  been  concluded  that  it  might  be  very  difficult  to  determine 
ad  hoc  the  shroud  shapes  for  large  hub  to  diameter  ratio  propellers. 
As  starting  point  for  further  research  it  seems  also  advisible 
to  optimize  the  shape  of  the  shroud  with  respect  to  efficiency  as 
a  function  of  the  design  variables  and  the  kind  of  body  in 
combination  with  which  the  propeller  will  be  used. 

Investigations  to  optimize  the  design  of  the  shrouded  large 
hub  to  diameter  ratio  propeller  can  be  based  on  the  theory 
developed  by  the  N.S.M.B. 


Wageningen,  July  19^4 


Prlnei^al  Investigator. 
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Appendix  A. 

Qualitative  theoretical  analysis  of  the  side  force  direction. 
Calculation  of  the  flow  field. 


The  calculation  of  the  flow  field  of  the  large  hub  to  diameter  ratio 
propeller  can  be  based  on  the  following  assumptions.  The  propeller 
moves  steadily  forward.  The  forward  velocity  is  assumed,  to  be 
Sufficiently  large  and  the  blade  loading  sufficiently  low  to 
permit  the  application  of  linearized  theory.  The  propeller  is 
assumed  to  have  an  infinite  number  of  blades.  The  mathematical 
model  of  the  screw  configuration  can  be  composed  by  means  of 
vortex  distributions. 

The  propeller  flow  field  is  represented  by  a  disk  with  a  continuous 
bound  vortex  distribution  of  variable  strength  in  circumferential 
direction.  The  vortex  strength  is  constant  along  lifting  lines  in 
which  we  can  split  up  the  bound  vorfex  distribution*  Assume  the 
vortex  st'-ength  per  unit  of  area  to  be  equal  to: 

Y»C^)  + 

and 

thus 

Further  the  propeller  flow  field  consists  of  helical  trailing 
vortices.  Each  trailing  vortex  line  lies  on  a  cylinder  of  constant 
diameter  (equal  to  blade  tips-  or  hub  diameter)  and  has  a  constant 
pitch. 


The  effects  of  the  helical  trailing  vortices  and  the  vortex 

systems  by  which  the  hub  and  shroud  can  be  replaced  are  not  taken 

into  account  for  the  calculation  of  the  induced  velocities  at  the 

propeller  disk.  This  analysis  has  only  the  intention  to  determine 

qualitatively  side  force  direction.  The  most  important  contribution 

to  the  induced  velocities  at  the  propeller  plane  is  given  by  the 

for 

bound  vortices  large  values  of  A.  [«.o  <yv.<z.o2. 

According  to  the  law  of  Biot  and  Savart,  the  axial-  and  circum¬ 
ferential  induced  velocities  at  the  propeller  due  to  the  bound 

vortices  can  be  calculated: 

TL,  q+oi- 

~  •  f  y.Cg.^6<on.e^ 

rx'*’  ^  ^ 

The  average  induced  velocity  in  axial  direction  becomes: 

with 

The  parameter  C,C^)  is  only  a  function  of  the  propeller  geometry. 


Calculation  of  the  vortex  strength  distributior  due  to  a  given 


>itch  variation. 


Assume,  the  (collective  and  ;'yclic)  pitch  of  a  propeller  blade  is 
*  given  by: 


<?<  •=.  4-  •«=t, 


The  inclination  angle  of  a  propeller  blade  at  a  radius 
[-i^s  ]  is  assumed  to  be  decisive  for  the  vortex 

strength  along  the  lifting  line  by  which  the  propeller  is  replaced. 
The  vortex  strength  along  the  lifting  line  is  assumed  to  be 
constant. 


BLZ. 
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The  mentioned  assumptions  are  only  permitted  as  ^  « 

I  'R. 


The  inclination  angle  [pV 
of  a  propeller  blade  at 
radius  becomes: 


\ 


0)  ,  1  u. 

{5^  =  — 


The  vortex  strength  is  in  first  approximation  and  according  to 
the  two-dimensional  theory: 


with 


V  =  \/d^+  u'-'id 


The  chord  length  and  the  number  of  propeller  blades  are  defined 
by  c  and  7.  respectively. 

The  vortex  strength  per  area  unit  of  the  propeller  disk  becomes: 


0)  ^  t')  t')  \ 

I  =  51'  ^  y 

'n,  “Kj 


2nf»2,  '  a-R,  ^ 


o^,  Ji,\pn.  IP  _  oncTq  ^  1 


(>)  .  CO  ^  0)  ^  . 


with 


=  .^£X  ayicrq  JL] 

OTR,  w<V 


The  bound  vortex  distribution  y  gives  the  following 

induced  velocities  at  the  propeller  plane: 

xz,  ' 

"VC^  =  £> 

With  the  aid  of  the  calculated  induced  velocities  and  the  given 
pitch  variation,  the  bound  vortex  distribution  at  the  propeller 
disk  can  be  calculated  in  second  approximation. 

The  effective  inclination  angle  of  a  propeller  blade  becomes: 

_  ^dcTci  ■= 

The  vortex  strength  becomes  according  to  the  two-dimensional 
theory: 

•  [®^o-  ^RC-TCi  + 


■zc  C ,  CT^  )<< 

iv-R, 


Coav^l . 


O)  W  (^)  , 

^  iTZ.-)  4-  y,  (%)  CR,) 


)fo  «?.)  =  yiV.)  =  isY 

arf? 

y.  (»?,)  =  I «?.)  =  3i}:  o/. 

arR, 


oiccTq  _1L  1 
uRg  J 


yt  << 


with 
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The  vortex  strength  is  assumed  to  be  equal  to: 


yU,if)  ^  [  yo  («.)+ +  yi (r.)  ] 

The  force  L  on  an  area  of  the  propeller  plane  due  to  the 

bound  vortices  is  equal  to; 

L  =  ^  \/  [  4-[u>j«.+  •w^cn-.'f)]  yc»>-,q') 

The  bound  vortices  /oC«,)  ;  induced 

velocities  of  the  same  magnitude  and 

small  with  respect  to  the  undisturbed  flow  velocity  U . 

Thus, 

L  w  ^V'?i  r  y.Cf^.K  +  yiC<?.)  c<yu|>] 


irt  'll) 

o  _  Jdtp  J  d?i  5  U-'R)  [yo(<l|)  +  Avm.1^  ■^yilf^i)  Coi>ij>J  x?>torxq> 

«>  'Ro 
-DC  H, 

=  I  dif  J  ax  t  U^R,  [  Y„Lf?,)  4-  y,(R,)  -vmq  -*  y^CR.) 


and 


or  after  carrying  out  the  integrations  over  and  ;a 

Ky=  ~-n:5lL 

V<^=  -rcjU  Yj^Ct?,)  -R, 

The  moments  around  the  y  and  ■2.  axes  becomes: 

Cy  =  -  ^  YjCR,) 

f  YJ«,) 

Discussion  of  the  result. 

A  pitch  variation  of  the  propeller  given  by 

»  o^j,+  <’^1  >tvim.tp 

results  in  the  following  vortex  dist-^ibution: 


The  side  forces  Ky  and  according  to  these  vortex  distributions 
are  equal  to: 


ky  :=  _  1!5?  2.C  UV  ('K,  _'R„)  cX, 

k^  =  7^1  -z'-c*-  ti  c.cR,^)  «x:. 

The  angle  between  the  total  side  force  and  the  positive  y  axis  is 
defined  by  X . 

For  a  clockwise  rotating  propeller  {looking  forward)  is  the  angle 
X,  equal  to: 


m. 


with 
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For  a  counter  clockwise  rotating  propeller  becomes  the  angle  ■. 


j. 


iie  crqT. 


The  parameters  A  and  2)  are  only  functions  of  the  propeller 
geometry.  For  the  tested  propeller  configurations  applies: 

0.86 


The  angles  Xj  and  Xj^  have  been  calculated  for  some  values  of 
^  r  -A.  ^  Jl.  1  and  the  results  are  listed  below, 

^  hj)  1 


-A. 

0,50 

l.oo 

l.So 

1S6° 

1 

The  side  force  directions  obtained  from  the  qualitative  theoretical 
analyse  and  the  measurements  with  the  T.P.S.  agre'5  with  each 
other  for  large  values  of  (see  Figure  3^3,)  (A  around  1. 0-2.0). 

The  contribution  of  the  helical  vortices  to  the  induced  velocities 
at  the  propeller  plane  becomes  more  important  for  small  values 
of  A  .In  consequence  it  is  not  permitted  to  neglect  the  effects 
of  the  helical  vortices.  Probably  the  rotation  of  the  side 
force  can  be  explained  by  means  of  a  qualitative  analysis  of  the 
effects  of  the  helical  vortices  for  small  values  of  A. 


f\  p  povtcij-OC 


A'«'  -eLxjcx/vtrtjeijcA  jT-oCkx-S'  ,WT.t5peik«-J^- 


r  j -^'l^C'C^jvOovrxh*  Cl.cx^t.vcS.ojL.'-Ovv 

,-viA.dLi*.c.e.c:^  ..<yiA«Te_'cfc*-iL>»,  »Kk.2.  >ca>vx^ 

.e^<xui/v\c.^  -ojvxJL  4?>jt  ■|r\.v.ct«-cj»v  -cjvc  4■o-^.c^A^.<, , 

-«/ytxL 


CesvC^CViX^  . 


\.  JJe|e,yv  vt'-OWl  'C^  A^r»A'-0^/^A 

X  cVCiJ»TV.<*/l.>-  CcJl  -pA^tfJJXO-'Wt.  CS-ivC  CLvaQoX  <~crvx  ~Or^ 

-w\dLu>.cccL  -A)~^Xc3T.ctvjeii 

3  cVvA.'Vrt.tA.',  Ccki.  ■^'\,a^:^ovrr\  ^<VA.  '^■€vX  0:*i-C.v<iioCki.X3-»x 

■|j).vxr*- •-.crn.?*-^  ,  "^^yrvyj.*^  -mLM\<i,  ^^wC'-t/rvC.'-i 

U  <Jjrtxrt^.  V^-vC^oJi,  -^Trurc^v.cwn.  46v-*L  C-oiL  C-»^c*jt 'wCnr\  Cr^ 

4iv<2.  -e^ect  :|!»vv.ct  (..cm.  -ov-i  j,  ^^^vtiojCI  -r^viAci- 

vC'-SaaC'^ 


BL2. 
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I.  ’like.  v0^o>jx»-ow^  ^c»Jvc>.>vw.eX^^ 


vAJ<=U>.».cnAJt>  .^«:».fv«=wvwei«-^  -jsjve 
w>.t 


+  4(1) 


! 


.  ^ 

W  -cuytAac^e. 

A>Ti/v)C  s.CJt6  -^jWVCjpliA.tA.  rlo>^ 

a 

"^tS.'.CciJL  yvrouvi ocjcji  ,->10^11  wi  ■  ^ 

■^crvvi  '^'^UXcivaJL 

v<i. 

■^tLoCxAi.  AJZvAt.'-tlLk 

^Owx 

ul 

--ci'-*C.OvCV  liVVOkfiJCWi  -CvtrtArweJ.  A3TX/(jfc'-ttA 

XxLcIVLC^  4^ 

a 

Acsrvuitcj^  taji.avv'2  ^W«>-V\.<:i 

-^VAVURcr^clLoJi.  ■fe^ViAA.c  l.  Ajjvcti  C.eJCi 

-cJL«rWj  'Hv.c 
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^xix>«n.<x<^  -A/rtiAui-tel.  -feij  .^xi/r«je^  -wynJXc//  cl>/»iAjL8%^«-eriri. 


v/«>= 

Ue4 

^2l 

w^:> 

c4. 

a 

f^Ot.  -^C»J\C>-fV»xeieAA  — C3UX.C 

■TrTT.CuAc 

mjBrx.^  TdLovrt.ovv>»»,ovv.<aJL  A'*'Vt 

^Of^JLcvOrtrtiV.'^ 

A  =  '^* 

7=  - 

^-1 

1-  t. 

■^-1, 

X  =  i 
-R. 

a  "i 

H(^i  = 

'T?.  ^ 

- 

■ 

w  =  ^ 
u 

_  y:5^ 

'  ~  IL 

a  ^  u. 

ll 

Vl 


h  - 

U 

^unl^crx. 

i  +7C-’-i) 


v.„  c^) .  Wii' 

u 


a 


_  1  CsoB 

X 


and) 


?(.<?) 


<31^  f 


f  ^A.<3^v»tjuXve^c»{|Ll 

a-R, 


L 


J 


0) 

SC^) 


s 

V 

z 


^cvole.  iXc. 

Aadfcv-cr 

■^LVn^OvAoi'-C. 

AVWywv^“t«-  'C>|  -"IVA-C^  Ciii.^ 
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C  ( X  -^U'-Crjp  ■tit ix  -ttexcLc.  /^Uufe^Atc. . 


■cuvusl 


M  -CO  -  &5  -i})  .  -.w 

yj  /  -  \  ^CL  CC),5v)+  ^a.  L-.a)-*"  tti.'xl  +  ^a.  tc>,/l)  +  \*Ja.  COjfl) 

A  Co,n.)  =  — - - 

H 


—  (S)  —18) 

X  Cc>^)  =  Wa.  Co,^)  +  '*^<x 


fiL-l  — lC*S.>^)  —&?»•") 

(>,v«|  _  Co.M  + 

C'>,f'-I  =  - - - - 


r. 


in 


X  Co  +  CJ-r  Co,^)  4- 


(i\ .  , 

CA.i)  = 


(<,<)  +  ^Vcx.i)  +  t>j!fVx,()  ^(x,»)-t-  '^A  G^.O 


P-1 


Cx)  _CS)  .  -.C81  ^ 

&,.)  =  Ca..)  +  v^)^  Ck.,) 


^  '^A  Cx,.)+voX  CX.O 

^A  CA,l)  -  — - — 


0) 

Xo.  Cx,i)  = 


_0)  _C»-)  —  (?) 

Wa.Cx..)  -I-  Uc^C'x,.)  +  W^^CX,.)  +  i>i^cx,.)+  Cx.lJ 


W  -  (S)  -  («) 

Xa.  (A.O  =  Cx,>)  '»•  (x,t) 


(X,i)  = 


_(.fe,vn)  _ (‘1.'^),. 

Wo.  (X,l)  +  ''^(X  (x,i) 


y»T) 


/,\  -CO  -  Cl)  _  ts)  _  (t<)  (?)  .  ^  ^ 

Y  ,r  ^>^  Wc..  tx,A)  c  CJ,^  CX.A)  +  Wo.  (X,M  +  Wo.  tx,X)  +  (A,A) 

\x.  C^/ A  )  r  - - — - - - - 


ij-)  .  ,  , 

iK,h)  --  Wq,  (  x»  +  (x,X) 


CJ) 

"(a  0,A)  - 


_  fe  irrt)  _(q,m) 

Wo,  ^X>)  +  (i.A) 
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KC4  - 
X^C'M  = 
X^Oc)  = 


kt„6c) 


lYn 


k 


=  4r>A_«^A*t  Ccit^ -C.utrtJC 


>lC.Olrt/vC«- 


■z  ’^tvn.cuit  ■^C<St»_evv  . 

^&t{}t  '■  Co<^v,c,vu«x  -^Vn,cfi.u.<A.iAA.<^  '|AA.C±uyi\.  41^ 

^  a  ■^k'- -k^cJltu.dtvA».^  ^JU.dt».CJVV 


35* 
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-'VfvJtu.-c.e.iA 


2,'  r_c«JLe-'j>^ 

2,Z  Coii-C,uC££lv.«rv>.  Wwl[^C.t<{.  >,JtinsTi  ct  IA£ 

^AjT>Ai4.C,e^  -CXO^^Jl  ^isLc^C-CSV\iov^Oi^-Crt-^ 

'^y-.ri.crNA^ 

b  Cr|  -^trwvCV>  'cJocav  J 

C  r>y^<-i^ty^uckj::jk.  ATO-aJLc/JC  -cljjt>Ar>_<  U<tva> 

X,2>  CaS.C'-.JL3Cl  '-mv.  o4  ■XvwjT^  CjTC  -zAA^^n.!.  '--•=Vi--C» 

-T3JiLovv.<^  '<>i-x<=Ltri,  -'W  Ccrvv\^tr»\><aJt,e. 

-'►-rt.Ao.ttJL  rujuA^.  »>_  vtJki  vi 'jsjj  ’Hsc 

AstvJL^^  fe^WU>  ■''vvV  CA>dC  i_<3Vvt,<t  --‘•'Wv. fiA^/V 

'i<X  ^  “C^AA^i 

CcJleuSLjjti>_civ».  <5|.  -A/t/<.rlo>C  tc^  AjtJfc.  CTLctr vAi  -5^€vS 

n.ow«^  c^LviA.V'-fet.Ai'-cjvvti  — c-uLcevic^ 


>1  l>cJt..rx.  I  He.C  c  vjodoJLf-^rwi 


Vi  (|)  ^  cv^  ^-Srv-.^^  wJL^  /Cr^  ^  4 

Wi 


X  '■C'jrw^i  TV 


2.Z  Cccte^oJ:' tm.  ^  ,  v>v^Wgt.-l 
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A  ^Cca■4JL«-ct^.  ,-Vyv(jAA.CCcL  '~oJi  t5V\.<=v 


,  X« - J 


.  ,0)  w  a)  1*^1 


=  S^G)- 


r  - 4 Urt)  4 


=  Cx) - ^  j  ©  Sg  ei\ 


vJ 


C6‘,m) 


!  -n.=  X 
O-aV^  ^ 

=.  —  ^  yOVyrn,  VTX©  S^Lk\)  cll^ 
'^1. 


3  "^^<ictCoLC,  ^</wdLiAC«A  yA>c5Lcft.iyfcvjtft  -<iiLejvi.  C3  y^i^uarwi. 


[^=  .  ,  X,  __..]. 


.  .t')  &)  0)  ,*■'*)  r  T 

Wa  ■»•  ->■  _  r  "^o  _  iJ'Wbt  j  > 

y  L  "  jvi  I 


^  S.Cx). 


XyJaO-^  -  ortj 


J  a\  -  4  f  ^4^ 

-  <»>j  -aij  [(?^“  ^  ^  ^  J 


.0)  0.)  .w  .  ,m) 


vjr+ wr'+ Wa  +  _ 

- - -  -}- 

cyj,., 

o 

-  Sj(x^  _ .  [  /5V/V7.0  -Sj^Cx  I)  <a| 


^  \J^O 


•4>  - . 


BLZ. 
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jR  xi.c>-£i  — (ffi^i.rpA  >\>tJLqt-<jLuLto  -oAovn^  -^^g, 

[  ^=X,  x= - ^ 

,  <«>  W  &)  r  T 

=  ^  .__i _  di^ 

Va 

_iL  [  [  I--- - B 


'<Ja  ^ 


CJ-J 


K 


-  M  r  a| 


uj 


Cs) 


(\-a)>j 


=  ■  r  ^cl)  ai 


wi'*"’’ 


x» »  A 


=  i'[  ^v^^wxe  Xc^.Cgc,) 


.li  f^xv^oA-  W>.<Au.C-CcA  ^  crwcj  ^V^kryc-avA 
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0}  W  CD 


=  [vi-  =* 

ii  r  [‘+  — i —  1  + 

^  pr-+Uc«it^]yx  -* 

X)ja  r  CA-V-Cool.q>)  _ I _ _ 

^  'tXyju^*-^']  [x^4-(Xvi)‘-_UAW4Q‘‘^ 


XTL J  [(ic-  If  +  m] 


0-*^  _  ^ 

I  f  ach  ci|. 


0-q)-^ 

-4P 

^■<Kyj 


Vyt&  .  ^  ^  ,11  ^ 


<=\X'-cJi-  'A/wdLtKtt<A.  /\jxJi/JTi,Jr*->iJ&  -xztX  AiOvcO"  Jdkof^ 


X  s  I  -Ctn. 


,0)  («.}  a) 

=.  [w^ 


=  ^  _ r,+ _ E _ ^1 


\y*-^.)  - 4 Jv, Av«0-«jjJ  \k\ ■* 

-  ^  I  r  _ X_ _ -|  ^ 
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U) 


A 


-  ayj 


2  l/a6-«)  [Cx-^f  +  Cil.+ 


w  ^  =  r juftcbt] 

^  U  J  -n.  s. 


\  uL,  -v<sov«^  j  = 


T  Cvn.Cc<AA^*<>^Ot/dLv-g>Jc  -AiTYv-jU^e,  g.c\_  >otilot,vjfcu^  >-C»X 

^jn-» - ,  Xm*  ^<»n. - ^ 


(j)  CD  (^1 

VJ^  -^VUt 


=  1^  UJ  ^  r>c^va 


-TV  % 


=  i  [-  _.  I  ,+  _ 1^ _ 1  4u) 

_i  I  (^o->^>^<^^^»  r^. _ x_ _ _i 


'I  'h  ClXrX-Cc  uJ<!odtc.<yn.  r\.Kn^<r^  ^r-wAiojc  fer<_dLv.«svve»  -caJi. 

tiujfer 


400 


S^c^,k) - —  I  '^wae  ^ 


^  V'^'^C'  -  -ca) 
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~~Oi 


(}-ayyj 
-j'  XXrtx 


+«>_ 

SyOC,”^)  ^ 

*«<3 


O 


1,4  CoJlcuilodb<wCn-v  -cri*  ^•vweljA.C.^xi  ^■/y.K 


J\JUvVX^ 


^jroXX  v«/3v\A  -'■exSL 


ervvc 


x4^t.  •^uJlr. 


A  ^T^ok.JL«»c«JL  -^t^gLucCoJl  ■AxS.O'g-v^UJ^  '-oJlovu:^ 

[  J\=  X  ;  A  - - ^ 

W.  =  =  J  ^  cU.i)  Ji\ 

-lO 

uif  =  -  j  Pvaf-'y-xtb]  scci.i)  A 

-  CO 

-.Oo 


"^H!c<a^.-cA  -<rrvxAu.^e<jL.  ^7atre.Av^  -xajlcmcg-  ^^uvcrtAa 

[^=‘  ^  -— ] 


<•4^ 


.«4>« 

wlf^  -  =  j 
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S  ,  b  ,  "St  -c>k/vN.cl  — CWVt  VWt.oL 
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s,cx)- 
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•^VA.cJt<^0>x€tJ&A  ,  T^TSA^s^AA-g,  -g3L>v^eL 
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